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 Stellmgen 
1. De term 'syntrofie' wordt vaak incorrect gebruikt. 
Schink, B. 1997. Syntrophism among prokaryotes. Microbiol Mot. Biol Rev. 61:262-280. 
2. Een obligaat syntrofe bactcrie is obligaat syntroof totdat het tegcndeel bewczcn is. 
3. Ongewcnste herinneringen kun je bcwust vcrgetcn. 
Freud, S. 1966. The Standard Edition of the Complete Psychological Works of Sigmund 
Freud 1 (ed. J. Strachey) 117-128, Hogarth, London. 
Anderson, M.C. and C. Green. 2001. Suppressing unwanted memories by executive 
control. Nature 410:366-369. 
4. Aangezien de voorganger van alie eukaryoten zeer waarschijnlijk al een endosymbiont had 
waaruit mitochondria geevolueerd zijn, moet een verklaring voor het onstaan van eukaryoten 
dus uitgaan van 6en unieke gebeurtenis, die zowel het onstaan van de celkem als het onstaan 
van mitochondria kan verklaren. 
Dit proefschrift en Gray, M.W., G. Burger and B.F. Lang. 1999. Mitochondrial evolution. 
Science 283:1476-1481. 
5. Reversibele formiaat dehydrogenases bevatten wolfraam. 
Dit proefschrift 
6. Coc-vormige prokaryoten zijn rond omdat ze geen cytoskelet hebben. 
Jones, L.J.F., R. Carbadillo-Lopez and J. Errington. 2001. Control of cell shape in 
bacteria: Helical, actin-Iike filaments in Bacillus subtilis. Cell 104:913-922. 
7. Als je een goed hart hebt, kun je momenteel beter geen hartchinirg zijn in Nederland. 
8. Kegels hebben alleen zin indien de sancties die er tegenover staan de mensen ervan 
weerhoudt ze te overtreden. 
9. Onvolkomenhcdcn in de gangbare software zorgen ervoor dat het kopen van vcrnieuwdc, 
verbctcrde versies aantrekkelijk blijft. 
Stellingen bchorende bij het proefschrift 
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General introduction 
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Decomposition of organic matter in methanogenic habitats 
Since it is generally accepted that the increase in atmospheric gases is due to human activities, more 
and more attention is paid to the global carbon cycle and its reservoirs. In particular, carbon dioxide 
and methane contribute to the enhanced 'greenhouse effect' (Houghton et al, 1995; Kerr, 2001). By 
mineralizing biomass, prokaryotes account for 86% of the global biological carbon dioxide produced 
(Shivery et ah, 2001). Approximately 1% of the mineralized carbon reaches the atmosphere as methane 
(Thauer, 1998), which is produced in anoxic environments when organic electron acceptors are absent. 
Examples of such habitats are wetlands, freshwater sediments, landfills and digestive tracts of animals. 
Fortunately, the interest in these habitats is not always related to the disadvantageous consequences of 
global warming. Scientists managed to develop reactors in which industrial wastewaters can be 
purified through controlled methanogenic processes. An example of such a reactor is the upflow 
anaerobic sludge bed reactor (UASB), which is applied world-wide nowadays. In this type of reactor 
the microorganisms are immobilized in densely packed granules. Sedimentation of these granules 
prevents the microorganisms from being washed out, while the short interbacterial distances result in 
high biomass conversion rates. 
The complete conversion of organic matter under methanogenic conditions is a result of the 
concerted action of different physiological groups of microorganisms. Enzymes produced by 
fermentative bacteria hydrolyze complex biomolecules, such as proteins, polysaccharides, nucleic 
acids and fats, to their corresponding monomers, sugars, amino acids, purines, pyrimidines and long 
chain fatty acids. Subsequently, these monomers are fermented to reduced organic compounds (short 
chain fatty acids, alcohols and lactate), H2, formate and CO2. The reduced products are further oxidized 
to acetate, H2, formate and CO2 by the second trophic group, which consists of proton and carbon 
dioxide reducing acetogenic bacteria. Methanogenic archaea represent the highly specialized last 
trophic group in the sequence, which metabolize the end products of the first two groups (acetate, H2, 
formate and C02). The organic end products of the overall degradation process are C02 and CH4. 
Syntrophic interactions between microorganisms 
During methanogenic decomposition only a small amount of energy becomes available for the 
microorganisms involved. Some of the reactions are even endergonic under thermodynamic standard 
conditions (298 K, pH 7, concentrations of 1 M and partial pressures of 105 Pa for gases). However, the 
responsible organisms are able to gain metabolic energy from these reactions as long as the products 
are removed efficiently. In particular, the oxidations of some reduced organic compounds such as 
acetate, propionate, butyrate and benzoate, require extremely low product concentrations (Table 1). 
The concentrations of the products of these oxidations, H2, formate and acetate, are kept low by 
methanogenic archaea during methanogenic decomposition. Such symbiotic relationships, in which the 
two partners involved depend on each other for available metabolic energy, are called syntrophic 
interactions (Stams, 1994; Schink, 1997). Syntrophic oxidation of acetate 'is known to occur at 
thermophilic temperatures, but at mesophilic temperatures acetate is usually cleaved by methanogens 
(Stams, 1994; Schink, 1997; Hattori et ah, 2000). The first example of a syntrophic culture was the 
Methanobacillus omelianskii culture which was initially believed to be a single organism but later 
appeared to be a co-culture of two organisms (Barker, 1940; Bryant et < 1967). In this co-culture, 
strain S oxidizes ethanol to acetate and H2, and the methanogenic strain M.o.H reduces C02 to 
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methane with H2 as electron donor. Strain S is not able to oxidize ethanol unless H2 is removed, while 
the methanogen requires the H2 to reduce C02 to methane. Other organisms, such as Desulfovibrio 
vulgaris, D. desulfuricans and a Pelobacter strain, are also able to oxidize ethanol syntrophically 
(Bryant et ah, 1977; Schink, 1997). At present, syntrophic cultures have been described for a variety of 
compounds including propionate, butyrate, isovalerate, benzoate and glycolate (Table 2). The 
organisms involved are real 'specialists' in gaining metabolic energy by oxidizing these compounds 
under thermodynamically unfavorable conditions, some of them even yield only one third of ATP per 
mole substrate converted. Syntrophic propionate and butyrate oxidation are probably the most 
interesting reactions at mesophilic temperatures, since the amount of energy released in these 
conversions is at the limit of what is necessary for energy conservation. Therefore, most insight into 
the biochemistry of energy conservation at these limits have been obtained with propionate- and 
butyrate-oxidizing syntrophs. For these organisms it has been calculated that the maximum possible 
amount of energy they can gain per mole substrate converted is only 1/3 mol of ATP (Schink, 1997). 
Although many of the syntrophically fermenting bacteria were initially believed to be obligate 
syntrophs, all organisms described so far can be cultured axenically as well. However, most of the 
substrates used to culture these organisms axenically do not occur at high concentrations, and therefore 
most of these organisms are thought to thrive syntrophically in their microbial niches. In Chapter 2 of 
Table 1. Some of the reactions involved in syntrophic conversions during methanogenic decomposition. The reactions 
which are marked in grey, are (possible) reactions that occur during syntrophic propionate-oxidation. 
Acetogenic reactions 
Ethanol+ H20 
Lactate" + 2 H20 
Acetate" + 4 H20 
Propionate" + 3 H20 
Propionate" + 2 HC03* 
Butyrate" + 2 H20 
Benzoate" + 7 H20 
Glycolate" + 3 H20 
- » 
- > 
- » 
- > 
_ > 
- > 
~ > 
- > 
Acetate"+ rf" +2 H2 
Acetate" + HCO3" + it + 2 H2 
2HC03" + H+ + 4H2 
Acetate" + HCO3" + H* + 3 H2 
Acetate* + H4' + 3 HCOO* 
2 Acetate" + Yt + 2 H2 
3 Acetate" + HCO3" + 3 }t + 3 H2 
2 H C 0 3 + H f + 3H2 
AG0' (kJ/mol) 
+ 9.6 
- 4.2 
+104.6 
+ 76.1 
+ 72.4 
+ 48.1 
+ 58.9 
+ 19.3 
Methanogenic reactions 
H2 + VA HCO3" + V4 H+ 
Formate" +/ 4 H20 + % H+ 
Acetate"+ H20 
-> 1 /4CH4+3 /4H20 
-> VA CH4 + 3/4 HCO3" 
-> HCO3' + CH4 
33.9 
32.6 
31.0 
Some combined reactions 
Acetate" + It 
Propionate' + H4 + V2 H20 
Butyrate" + H+ + H20 
-> CH4 + C02 
-> 13/4CH4+11/4C02 
- » 2 I / 2CH4+1 1 /2C0 2 
36.0 
62.3 
88.5 
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Table 2. Syntrophically fermenting organisms for which H2 and formate have been evaluated as possible electron carriers 
during syntrophic growth. The mark *+' is use for the capacity to use H2 (H) or formate (F) as electron carrier during 
syntrophic growth. The next column indicates which mechanism is preferred (< or >) or whether it is unclear which 
mechanism is preferred (?). * Desulfotomaculum thermobenzoicum subspecies thermosyntrophicum. 
Organism 
Organism S (M omelianski) 
Eubacterium acidaminophilum 
Desulfovibrio vulgaris 
Syntrophomonas wolfei 
Syntrophomonas wolfei 
Syntrophobacterfumaroxidans 
Syntrophospora bryantii 
Syntrophobotulus glycolicus 
Thermoacetogenium phaeum 
Strain AOR 
Desulfotomaculum thermobenzoicum* 
T(°C) 
37 
34 
35 
37 
37 
37 
37 
30 
55 
55 
55 
Substrate(s) 
Ethanol 
Alanine/aspartate 
Ethanol/lactate 
Butyrate 
Butyrate 
Propionate 
Butyrate 
Glycolate 
Acetate 
Actetate 
Propionate 
i 
H 
+ 
-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Mechanism 
F 
-
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
-
+ 
H - F 
-
-
< 
< 
> 
• 
9 
• > 
< 
-
9 
• 
Ref. 
16 
100 
90 
13 
98 
24 
24 
30 
39 
52 
85 
this thesis we describe a novel syntrophic propionate-oxidizing bacterium which could not be cultured 
axenically. 
Interspecies hydrogen and formate transfer 
Syntrophic interactions are usually associated with interspecies H2 transfer, since the first syntrophic 
organisms that were described grow with methanogens that only utilize H2 as electron donor. However, 
formate transfer has also been suggested as a possible mechanism. Probably even other mechanisms 
exist as well. The H2 and formate concentrations in syntrophic cultures are extremely low, and 
therefore it is difficult to determine which compound is the most important electron carrier. 
Furthermore, many of the syntrophs involved are able to produce both hydrogen and formate, while 
most of the methanogenic or sulfidogenic partners are able to oxidize both compounds. In addition, 
organisms which metabolize both compounds are usually also able to interconvert H2/CO2 and formate 
(Stams, 1994). In some cultures the electrons were clearly transferred via H2, since methanogens were 
used which only oxidize H2. Similarly, evidence for formate transfer was found by using an organism 
which only oxidizes formate (Zindel et at., 1988). On the other hand, the butyrate-oxidizing bacterium 
Syntrophospora bryantii and the propionate-oxidizer Syntrophobacter fumaroxidans could not be 
cultured with Methanobrevibacter arboriphilicus strains which only utilize H2 (Done et ah 1994a, 
1994b). However, in these studies the threshold for H2 may have been too high for these methanogens 
(Cord-Ruwisch et ah, 1988). Evidence for H2-transfer in methanogenic environments was provided by 
Schmidt and Ahring (1995) by studying the effects of granule-disintegration; formate could not 
account for the decrease in the propionate and butyrate degradation rates in their studies. In contrast, 
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formate transfer was the most important mechanism in floes from a reactor treating whey (Thiele and 
Zeikus, 1988). For suspended propionate- and butyrate-degrading cultures it was calculated (Boone et 
al., 1989) that formate transfer was even about 100 times more important than H2-transfer. On the 
other hand, direct evidence for H2-transfer was obtained for the butyrate-oxidizing bacterium 
Syntrophomonas wolfei, the glycolate-oxidizing Syntrophobotulus glycolicus and the thermophilic 
acetate-oxidizing strain AOR. These organisms exhibited high hydrogenase activity in co-culture while 
the formate dehydrogenase activities were very low (Wofford et ah, 1986; Lee and Zinder, 1988a; 
1988b; 1988c; Friedrich and Schink, 1993). Similar results were obtained recently with 
Thermoacetogenium phaeum, another thermophilic acetate-oxidizing organism (Hattori et ai, 2001). 
In this and a few other studies growth rates of syntrophic bacteria with H2~utilizing methanogens were 
compared to those with methanogens which utilize both H2 and formate. For a thermophilic 
propionate-oxidizer as well as a thermophilic acetate-oxidizer the growth rates were highest when 
cocultered with organisms which utilize both hydrogen and formate (Hattori et aL, 2001; Stams et al., 
1992). However, for another syntrophic actetate-oxidizing bacterium these rates were similar (Lee and 
Zinder, 1988). The syntrophic organisms, which have been studied with respect to possible 
mechanisms of interspecies electron transfer are listed in table 2. 
Hydrogenases and formate dehydrogenases 
Proton and bicarbonate reduction are catalyzed by hydrogenase and formate dehydrogenase 
respectively. Therefore these enzymes are required for interspecies H2- and formate transfer, 
respectively. Hydrogenases, enzymes which catalyze the reversible reduction of protons to molecular 
hydrogen, have been studied in much detail. Hydrogenases have been found in a variety of 
prokaryotes, and many of these organisms possess even more than one of these enzymes. Though 
hydrogenases are less common in eukaryotes, they have been found in protozoans, fungi, algae and 
mosses. Recent genetic studies revealed that sequences related to a specific type of hydrogenase ([Fe] 
hydrogenases) are even widely distributed among eukaryotes (Horner et al., 2000). 
Hydrogenases may have different functions in the metabolism of prokaryotes. Anaerobic organisms 
are able to dispose of excess reduced compounds via H2 when no other appropriate electron acceptors 
are present. On the other hand, when appropriate electron acceptors are available, H2 may be used as 
an electron donor. Methanogenic archaea use H2 as an electron donor to reduce C02 to methane, and 
for some of these organisms H2 is the only electron donor. In most organisms which possess 
hydrogenases, these enzymes are also associated with the production of ATP via electron transport 
phosphorylation. Finally, hydrogenase may serve as a H2-sensor and thereby regulate the synthesis of 
other proteins (Black et al, 1994; Kleihues et al, 2000). Based on the reaction mechanisms, the 
hydrogenases may be divided into three distinct groups. The most common type is the Ni-Fe 
hydrogenase, which sometimes contains selenium coordinated to the nickel atom. The second type is 
the Fe-only hydrogenase, and the third type is the metal-free hydrogenase which up to now was 
exclusively found in Methanobacterium species. In some of the earlier studies, hydrogenases were 
classified into four distinct groups, since some of the [NiFe]-hydrogenases appeared to contain an 
additonal selenium-atom in their active sites (Fauque et al, 1988). Hydrogenases also differ with 
respect to physiological electron acceptor, subunit composition, H2 oxidation and production rates and 
localization in the cell (Table 3). Escherichia coli contains three [NiFe]-hydrogenases of which two are 
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Table 3. Properties of several well-characterized hydrogenases. Abbreviations: ETC, electron transport chain; n.r., not 
reported. 
Organism; 
Type 
Localization 
Function 
Electron acceptor 
Molecular mass (kDa) 
Composition (kDa) 
H2-Oxidation (U/mg) 
H2-Evolution (U/mg) 
Kra H2 (mM) 
[4Fe-4S]-clusters 
[3Fe-xS]-clusters 
Heme/Cofactors 
References i 
Desulfovibrio 
vulgaris 
Hildenborough 
[NiFe] 
Periplasm 
n.r. 
n.r. 
98.7 
66.4 +32.3 
ap 
89 
174 
n.r. 
2 
1 
-
74 
Wolinella succinogenes Ralstonia 
T 
L 
[NiFe] 
periplasm 
F ETC - fumarate 
Ea 
M 
C 
Ox 
Ev 
Km 
4F 
3F 
H 
R 
respiration 
n.r. 
113 
60 + 30 + 23 
apy 
730 
n.r. 
n.r. 
n.r. 
n.r. 
Cytfe 
25,32,33,93 
eutropha 
[NiFe] 
cytoplasm 
H2-sensor 
n.r. 
184 
55+37 
2(ctp) 
1.2 
0.8 
25 
3 
-
-
10 
Desulfovibrio 
vulgaris 
Hildenborough 
[Fe] 
Periplasm 
n.r. 
Cytc3 
56.6 
46+10 
ap 
50,000 
4,600 
n.r. 
3 
-
-
1,27,38 
Methanobacterium 
formicicum 
[NiFe] 
membrane 
ETC - methanogenesis 
F420 
1020 
43.6 + 36.7 + 28.8 
?(apy) 
53 
n.r. 
n.r. 
n.r. 
n.r. 
FAD 
7-9 
Desulfovibrio 
baculatus 
[NiFeSe] 
Periplasm 
n.r. 
n.r. 
85 
57 + 31 
ap 
n.r. 
2,000 
n.r. 
2 
-
-
27,40,64,65,88 
Escherichia 
coli 
[NiFe] 
membrane/periplasm 
H2-oxidation 
n.r. 
196 
62 + 36 
2(ap) 
630 
n.r. 
2-4 
n.r. 
n.r. 
_ 
4,75,76 
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Table 4. Properties of several well-characterized formate dehydrogenases. Abbreviations: ETC, electron transport chain; 
n.r., not reported; n.d., not detected; n.q., not quantified. 
Organism: Desulfovibrio vulgaris 
Hildenborough 
Desulfovibrio 
gigas 
Moorella thermoacetica 
Localization 
Function 
Electron acceptor 
Molecular Mass (kDa) 
Composition (kDa) 
Spec, activity (U/mg) 
C02-reduction (U/mg) 
KmH2(mM) 
[4Fe-4S]-clusters 
[2Fe-2S]-clusters 
Metal-content 
Heme/Cofactors 
References 
periplasm 
formate-oxidation 
Cyt C553 
124.5 
83.5 + 27+14 
apy 
36 
n.r. 
1.7 
n.r. 
n.r. 
Mo 
Cytc 
81 
n.r. 
n.r. 
n.r. 
120 
92 + 29 
ap 
34 
n.r. 
n.r. 
4 
16Fe, 1 W, lSe 
3,71 
n.r. 
C02-fixation 
NADP 
340 
96 + 76 
2(op) 
1100 
yes - n.q. 
n.r. 
2 
2 
-36 Fe, 2 W, 2 Se 
20,94 
L 
F 
Ea 
M 
C 
Sa 
Cr 
Km 
4F 
2F 
Mc 
H 
R 
Methanobacterium 
formicicum 
membrane/cytoplasm 
ETC-methanogenesis 
F420 
177 
85 + 53 
ap 
17 
n.r. 
0.6 
n.r. 
n.r. 
21-24 Fe, lMo,2Zn 
FAD 
7,9,11 
Wolinella 
succinogenes 
membrane/periplasm 
ETC - fumarate 
qumone 
263 
110 
2a 
363 
n.d. 
1.5 
n.r. 
n.r. 
19 Fe, 1 Mo 
CyXb 
50,55 
Escherichia 
coli 
membrane 
ETC - nitrate 
quinone 
590 
110 + 32 + 20 
4(apy) 
220 
n.r. 
0.12 
n.r. 
n.r. 
56 Fe, 4 Mo, 4 Se 
CytZ> 
26,28,76 
Escherichia 
coli 
cytoplasm 
formate-H2 lyase 
n.r. 
80 
80 
a 
290 
n.r. 
26 
1 
-
4 Fe, 1 Mo, 1 Se 
-
5,14,76 
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involved in H2-oxidation and one is part of a formate hydrogen lyase system (Sawers, 1994). Recently, 
genetic evidence was provided for a fourth hydrogenase in this organism, which is thought to be part of 
a proton-pumping formate hydrogen lyase system (Andrews et aL, 1997). Some Desulfovibrio species 
contain three different hydrogenases ([Fe]-only, [NiFe] and [NiFeSe]) which are all thought to be 
involved in the generation of a proton gradient. Several models have been presented for this, based on 
the localization of the hydrogenases in the bacterial cell (Odom and Peck, 1981a; Lupton et aL, 1984; 
Fitz and Cypionka, 1991). So far, no hydrogenases have been studied with respect to a possible role in 
interspecies hydrogen transfer. Because syntrophic propionate-oxidizing bacteria appeared to be 
sulphate-reducing bacteria, they may also contain multiple hydrogenases in analogy with most other 
sulphate-reducing bacteria. Localization of hydrogenase activity in S. fumaroxidans suggested that this 
organism indeed contains at least two hydrogenases, since part of the activity was located at the outer 
aspect of the cell membrane (Dong, 1994c; van Kuijk et ah, 1998). 
Formate dehydrogenases catalyze the oxidation of formate to CO2, which is thought to be a 
reversible reaction though only a few of them have been shown to catalyze CC>2-reduction. For several 
formate dehydrogenases it was demonstrated that C02 rather than bicarbonate is the reaction product of 
formate oxidation (Thauer, 1973; Ruschig et ah, 1976; Khangulov et a!., 1998). Formate 
dehydrogenases are also widespread in both prokaryotes and eukaryotes, and like hydrogenases, 
formate dehydrogenases may be required for the disposal of an excess of reducing equivalents. 
Formate also serves as electron donor for growth in many anaerobic bacteria and archaea as well as in 
some aerobic bacteria, and they are involved in some energy conserving pathways. Most methanogens 
are able to use formate besides hydrogen as electron donor to reduce C02 to methane. Formate 
dehydrogenases have been isolated from a variety of microorganisms. With one exception (Miiller et 
aL, 1978), the formate dehydrogenases of aerobic organisms reduce NAD+, contain no metals or 
cofactors and are insensitive to oxygen. All of the enzymes from anaerobic prokaryotes studied so far 
are extremely sensitive to oxygen, vary with respect to physiological electron acceptors and contain 
complex redox centers. Besides multiple iron-sulfur clusters, most of these enzymes contain 
molybdenum and sometimes also selenium, while some of the enzymes contain tungsten instead of 
molybdenum. 
The formate dehydrogenases of Escherichia coli have been studied most extensively. This organism 
contains three distinct formate dehydrogenases with different physiological roles. One of these 
enzymes (FDH-N) is part of a formate-nitrate respiratory chain during anaerobic growth in the 
presence of nitrate. A second formate dehydrogenase (FDH-O) is also synthesized in the presence of 
nitrate, but this enzyme is thought to ensure rapid adaptation during a shift from aerobiosis to 
anaerobiosis, while the third enzyme (FDH-H) is part of a formate-hydrogen lyase synthesized during 
fermentative growth (Sawers, 1994; Abaibou, 1995). Formate dehydrogenases have also been isolated 
from some sulfate reducing bacteria (Sebban et aL, 1995; Costa et aL, 1997; Almendra et aL, 1999). 
The enzyme of Desulfovibrio gigas is one of the few formate dehydrogenases know to contain 
tungsten, and recently crystallography revealed the presence of a selenium atom coordinated to the W-
atom in this enzyme (Almendra et aL, 1999; Raaijmakers et aL, 2001). An enzyme which is part of the 
Wood pathway of C02-fixation in Moorella thermoacetica also contains tungsten, but this enzyme 
differs in many aspects from the enzyme of D. gigas (Yamamoto et aL, 1983). Only few of the formate 
dehydrogenases isolated were shown to catalyze the reduction of C02. If formate is an important 
carrier in syntrophic interactions, it is likely that the acetogens involved possess formate dehydrogena-
8 
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ses with a high affinity for C02. The properties of some of the formate dehydrogenases which have 
been isolated are summarized in Table 4. 
Syntrophic propionate-oxidizing bacteria 
The first syntrophic propionate-oxidizing bacterium, Syntrophobacter wolinii, was enriched from an 
anaerobic sewage digestor (Boone and Bryant, 1980). They obtained this organism in co-culture with a 
Desulfovibrio sp., which could use both H2/CO2 and formate to reduce sulphate in this culture. A 
methanogenic culture with M. hungatei was obtained as well, but unfortunately they were not able to 
remove the sulfate reducer from this culture. Other syntrophic propionate- oxidizing bacteria have been 
described since then, but none of these was obtained in pure or defined co-culture. Therefore, further 
research into the physiology of syntrophic propionate oxidation stagnated until 1993 when 
phylogenetic analysis revealed a relationship of S. wolinii to sulfate-reducing bacteria (Harmsen et al, 
1993). Soon thereafter Syntrophobacter wolinii was obtained in pure culture on propionate plus sulfate, 
while pyruvate also appeared to support axenic growth (Wallrabenstein et al, 1994). Since then several 
other syntrophic propionate-oxidizing bacteria have been isolated, including two other 
Syntrophobacter species. The Syntrophobacter strains form a cluster within the 5-subclass of the 
proteobacteria (Harmsen et al., 1995) (Figure 1). All of these strains oxidize propionate to acetate, CO2 
and H2 or formate, while they differ from each other with respect to morphology and substrates 
utilized. S. fumaroxidans was obtained in pure culture on fumarate, while recently, S. wolinii also 
appeared to be ferment this compound (Liu et al, 1999). In addition, S. fumaroxidans is able to grow 
by fumarate reduction coupled to hydrogen, formate or propionate oxidation (Stams et al., 1993; van 
Kuijk et a/., 1998). Without external electron donors, the organism disproportionates fumarate to CO2 
and succinate. S. wolinii is not able to oxidize fumarate further than acetate, while S. pfennigii does not 
catabolize fumarate at all (Wallrabenstein et ah, 1995). A markedly different organism is Smithella 
propionica which was isolated by Liu and co-workers (Liu et al., 1999) (Figure 1). This organism 
produces much less methane from propionate than the Syntrophobacter sp., and besides acetate it 
produces small amounts of butyrate. Thermophilic propionate-oxidizing bacteria have been described 
as well, and two of these have been obtained in pure culture so far (Imachi et al, 2000; Plugge et al., 
2001). Desulfotomaculum thermocicternum was also described to oxidize propionate syntrophically, 
but this could not be reproduced by the authors of the other two thermophilic syntrophs (Nilsen et al, 
1996; Imachi et al, 2000; Plugge et al, 2001). Unlike the mesophilic propionate-oxidizers discussed 
here, these organisms are gram-positive spore-forming bacteria (Figure 1). Strain SI is closely related 
to two mesophilic spore-forming propionate-oxidizing bacteria, 'Spore A' and 'Spore B' which were 
enriched previously by Harmsen (Harmsen et al, 1996). A micro-organism with similar physiological 
properties, was one of the dominant acetogens in granules of an UASB-reactor fed with a mixture of 
acetate, propionate and butyrate (Wu et al, 1992). Other highly purified enrichments of syntrophic 
propionate-oxidizing bacteria described so far are strain SYN7 and strain HP1.1. SYN7 is related to 
syntrophic benzoate-oxidizing strains of the genus Syntrophus (Harmsen et al, 1996), while strain HP 
1.1 is more related to the Syntrophobacter species (Zellner et al, 1996) (Figure 1). 
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0.10 Strain Hpl Syntrophobacterfwnaroxidans 
Desulforhabdus amnigenas 
— Syntrophobacter wolinii 
cF. 
Pelobacter acetylenicus 
Strain Syn 7 
Smithella propionica 
Syntrophas gentianaea 
SporeB 
SporeA 
Strain SI 
' Desulfotomaciihtm thermobenzoicum* 
Thermoanaerobacter brockii 
Syntrophospora bryantii 
Desulfovibrio vulgaris 
Escherichia coll 
Figure 1. Neighbor joining tree based on 16S rDNA sequences, showing the phylogenetic position of syntropbic 
propionate-oxidizing bacteria among other syntrophic bacteria. The bar represents 10% estimated sequence divergence. 
*Desulfotomaculum thermobenzoicum subspecies thermosyntrophicum. 
Biochemistry of syntrophic propionate oxidation 
Propionate is oxidized via the methylmalonyl-CoA pathway (Figure 2) as was demonstrated by 
enzyme measurements and labeling studies with 13C- and 14C-propionate (Koch et ah, 1983; Houwen 
et al, 1987, 1990; Robbins, 1987, 1988; Mucha et al, 1988; Mah et ah, 1990; Plugge et at., 1993; 
Wallrabenstein et ah, 1994). This pathway is also used by several organisms which produce 
propionate, and its involvement in both directions was demonstrated in the sulfate reducer 
Desulfobulbus propionicus (Stams et ah, 1984; Kremer and Hansen, 1988). Labeling studies indicated 
that propionate may also be degraded alternatively, via a non-randomizing pathway (Tholozan et al, 
1988,1990; Lens et al, 1996). An organism which may be responsible for this observation is Smithella 
propionica, which was isolated recently by (Liu et al, 1999). In co-culture with Methanospirillum 
hungatei, this organism produces approximately 0.1 mol CH4,1.1 mol acetate and 0.1 mol butyrate per 
mol propionate. Therefore, the metabolism of this organism is markedly different from other 
syntrophic propionate-oxidizers, which produce 0.75 mol CH4 and 1 mol acetate per mol propionate 
when co-cultured with methanogens such as M. hungatei. The pathway of propionate conversion in 
this organism was not known yet. In the methylmalonyl-CoA pathway propionate is usually activated 
by a thiokinase, but both propionate- and acetate- thiokinase could not be detected in Syntrophobacter 
fwnaroxidans. This organism most likely uses a HS-CoA transferase, which transfers the coenzyme 
from acetyl-CoA to propionate (Plugge et al, 1993). This would lead to stoichiometric acetate 
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formation from propionate, and therefore it was suggested that the acetyl-CoA pathway (Figure 3) 
which was demonstrated in this organism has an anaplerotic function during growth on propionate. 
In the methylmalonyl-CoA pathway, electrons are released in three steps (Figure 2). The oxidations 
i n 'X 
of succinate and malate require the lowest hydrogen partial pressures, of 10" and 10" Pa respectively 
when coupled to proton reduction (Schink, 1997). Malate oxidation is still possible at the hydrogen 
partial pressures which are common in methanogenic environments, but the methanogens cannot 
maintain the hydrogen partial pressure required for succinate oxidation. Therefore, it was hypothesized 
that the electrons released in this step are shifted towards a lower redox potential via reversed electron 
transport, which is driven by the hydrolysis of ATP (Schink, 1992, van Kuijk et al., 1998). 
CH3 - CH2 - COOH CK - COOH 
CoASH 
H,0 +* 
CH3 - CH2 - CO ™ SCoA 
CO, ^ 
^ H.O 
CH3 - CO - SCoA 
Co2 <X+ 2[Hj 
Y CoASH 
CH, - CO - COOH 
HOOC - CH - CO - SCoA 
CH, 
HOOC - CH0 - CO - COOH 
Y 2[H] 
HOOC - CH2 - CH2 - CO - SCoA 
HOOC - CH, - CHOH - COOH 
ADP 
ATP +>^+ 
H20 
CoASH 
U- H2Q 
HOOC - CH, - CH, - COOH 
2[H] 
•* HOOC - CH - CH - COOH 
Figure 2. Propionate oxidation via the Methyl-malonyl-CoA pathway in Syntrophobacter famaroxidans, as adapted from 
Plugged a/., 1993. 
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CH, - CO - SCoA 
E 
HSCoA * 
CH3 - [CO] - E 
[CO] 
CH, - THF 
H,0 
^> 2[H] 
h 2[H] CO, 
CH, = THF 
THF h 2[H] 
CH = THF 
I 
CHO - THF 
i 
CHOOH 
2[H] h 
CO, 
Figure 3. Acetyl-CoA cleavage pathway which is present in Syntrophobacter fumaroxidans during fumarate fermentation. 
During propionate oxidation, A fitmaroxidans uses this pathway in the opposite direction, in order to fix CO2 for cell 
synthesis. THF = Tetra hydrofolate; E - Enzyme. 
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Direct evidence for such an energy-dependent reversed electron transport was found in the syntrophic 
glycolate oxidizing bacterium Syntrophobotulus glycolicus (Friedrich and Schink, 1993; 1995). 
Membrane vesicles of this organism converted glycolate to glyoxylate and hydrogen in the presence of 
ATP, and this process appeared to be reversible. Addition of protonophores such as CCCD or the ATP-
ase inhibitor DCCD inhibited this process, indicating the involvement of a membrane bound ATP-ase. 
These inhibitors were also used to demonstrate reversed electron transport in the syntrophic butyrate 
oxidizer Syntrophomonas wolfei, although in this study suspensions of intact cells were used 
(Wallrabenstein and Schink, 1994). Control experiments, in which crotonate was used as the substrate, 
showed that in this organism the oxidation of butyryl-CoA to crotonyl-CoA is the critical step which 
requires ATP-driven reversed electron transport. Similar experiments have been performed with the 
syntrophic propionate-oxidizing bacteria Syntrophobacterfumaroxidans. However, membrane vesicles 
could not be prepared with Syntrophobacter species and suitable control experiments could not be 
performed due to possible electronic side effects of fumarate and malate transport into the cells (van 
Kuijk et ah, 1998; Schink, 1997). Investigation of the fumarate metabolism of S. fumaroxidans 
revealed that this organism yields 2/3 mol ATP per mol fumarate reduced to succinate with H2 or 
formate as electron donor. Most likely the organism has to invest the same amount of energy to couple 
the oxidation of succinate to fumarate to proton (or bicarbonate) reduction during syntrophic growth on 
propionate. Evidence for reversed electron transport in this organism was provided by demonstrating 
that the electron transport chain involved in fumarate reduction is also involved in succinate oxidation 
(Van Kuijk etaL, 1998). 
Syntrophism and the evolution of eukaryotic life 
It has been suggested that syntrophic interactions formed the basis for the origin of the eukaryotic 
cell (Martin and Muiler, 1998; Moreira and Lopez-Garcia, 1998). A symbiotic model for the origin of 
the eukaryotic cell was already proposed as the endosymbiotic theory (Margulis, 1970). According to 
this hypothesis eukaryotes evolved from the symbiosis between a thermoacidophilic archaea and a 
spirochete. The ThermopIasma-\\ke archaeon provided useful metabolites for the spirochete and 
acquired swimming motility in return. Mitochondria and plastids were acquired in a later stage by 
endosymbiotic incorporation. Recently, a more syntrophic character was assigned to the type of 
symbiosis that drove eukaryogenesis, with a central role for sulfide. This theory explained the nucleus 
as well (Margulis et al, 2000). 
The involvement of both an archaeon and a eubacterium in eukaryotic evolution is generally 
accepted nowadays, since analysis of conserved protein sequences revealed that all eukaryotic cells 
must have received genetic contributions from both (Brown and Doolittle, 1997; Gupta, 1998). The 
nature of the syntrophic association and related, the origin of the mitochondrion are currently 
intensively studied. Recently, two novel theories have been put forward, which both are based on 
metabolic interactions involving H-transfer between a gram-negative proteobacterium and a 
methanogenic archaeon. In the hydrogen hypothesis the archaeon is the host which depends on the 
hydrogen produced by the symbiont (Martin and Muiler, 1998). Therefore, the host sticks tightly to the 
symbiont which initially has no benefit from the host. Due to the advantage of increased contact the 
host tends to surround the symbiont which finally becomes integrated into the host cell, and thereby is 
dependent on substrate supply. Therefore, it is required that the genes encoding carbon transporters in 
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the eubacterium are transferred to the archaeal chromosomes in the cytosol, and the encoded products 
should be functional in the archaeal membrane. Furthermore, in the symbionts the carbon metabolism 
must be transferred to the cytosol and subsequently one of the two carbon metabolisms which run in 
opposite direction (catabolic and anabolic) should be eliminated. They corroborate their theory by 
concluding that the resulting primitive eukaryote has striking similarities to the amitochondriate 
(eukaryote which lacks mitochondria) eukaryote Trichomonas vaginalis. 
In a related theory, proposed independently at the same time by Moreira and Lopez-Garcia (1998), 
syntrophy is the basis of eukaryogenesis. They hypothesize that a permanent consortium of 8-
proteobacteria, most likely sulfate-reducing myxobacterium, and a methanogenic archaeon evolved to 
a primitive eukaryote in which the archaeon became the nucleus. In this theory, the problems related to 
carbon importers and metabolic differences do not need to be solved, as the resulting organism initially 
simply continues the metabolism of both partners involved. The main problem Moreira and Lopez-
Garcia dealt with is that the resulting nucleus would be surrounded by both the archaeal as well as the 
eubacterial membrane, and they suggest that the latter may have evolved to an endoplasmic reticulum. 
Remarkably, both theories posit a bacterium which degraded organic compounds and produced H2 
and CO2 as waste products as the partner of the archaeon. In both hypotheses the eubacterium is not 
really dependent on the archaeon and it would thus be incorrect to use the term 'syntrophy'. However, 
the type of metabolic associations which may lead to the formation of consortia such as described in 
the syntrophy-theory by Moreira and L6pez-Garcia are based on syntrophic interactions, and therefore 
a syntrophic 8-proteobacterium would suit better in their theory instead of a sulfate-reducing 
myxobacterium. 
Outline of this thesis 
The work presented in this thesis was performed to get more insight into the biochemistry of 
syntrophic propionate oxidation. Special attention is paid to the mechanism of interspecies electron 
transfer using the syntrophic propionate-oxidizing bacterium Syntrophobacter fumaroxidans as a 
model organism. 
Chapter 2 describes a novel spore-forming syntrophic propionate-oxidizing bacterium. This 
bacterium does not seem to grow in pure culture and could therefore be the first true syntrophic 
bacterium. Chapter 3 describes a possible alternative pathway of propionate oxidation in Smithella 
propionica, an organism which produces small amounts of butyrate and less methane from propionate 
than the well-characterized Syntrophobacter species. Most likely the pathway of this organism 
represents the alternative route which was observed in methanogenic habitats. The pathway has been 
studied in co-cultures of this organism with Methanospirillum hungatei using 13C-Nuclear Magnetic 
Resonance spectroscopy. Chapter 4 describes several experiments to distinguish and quantify the 
distinct hydrogenases and formate dehydrogenases in & fumaroxidans, and relate these enzymes to a 
possible hydrogen/formate metabolism in this organism. In Chapter 5 the levels of both hydrogenase 
and formate dehydrogenase are studied in syntrophically grown cells of S. fumaroxidans and M 
hungatei, separated by percoll gradient centrifugation, and compared to the levels in cells grown 
axenically. In Chapters 6 and 7 the isolation and properties of a hydrogenase and two formate 
dehydrogenases from S. fumaroxidans are described, enzymes which may be involved in interspecies 
electron transfer during syntrophic growth on propionate. In Chapter 8 the possible involvement of 
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syntrophic associations in the origin of eukaryotic life is evaluated. Finally the results presented in this 
thesis are summarized and discussed in Chapter 9. 
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'Pelotomaculum sehinkii'sp. nov., an obligate syntrophic 
propionate-oxidizing spore-forming bacterium isolated in 
co-culture with Methanospirillum hungafei 
Frank A.M. de Bok, Hermie J.M. Harmsen, Caroline M. Piugge, Antoon D.L. Akkermans, 
Willem M. de Vos and Alfons J.M. Stams 
A spore-forming syntrophic propionate-oxidizing bacterium was obtained from anaerobic freeze-dried granular sludge obtained from an upflow anaerobic sludge bed reactor treating sugarbeet 
wastewater. The bacterium converted propionate to acetate and methane in co-culture with 
Methanospirillum hungatei or Methanobacterium formicicum, but not with Methanobrevibacter 
arboriphilicus. The organism could not be cultured axenically with any of the substrates tested and 
therefore seems to be the first true syntrophic bacterium. The organism contained two distinct 16S 
rRNA sequences with 96.8 % sequence similarity. The most closely related organism is a thermophilic, 
syntrophic propionate-oxidizer, strain SI, while other related species belong to the gram-positive 
sulfate reducing genus Desulfotomaculum. 
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Introduction 
In methanogenic ecosystems complex organic matter is degraded completely to C02 and CH4 
(Bryant, 1976; Zehnder, 1978). Propionate oxidation is an important step in this process which requires 
obligate syntrophic consortia of acetogenic bacteria and methanogenic archaea. The methanogens 
make propionate oxidation energetically feasible by keeping the concentrations of the products H2 and 
formate extremely low (Stams, 1994; Schink, 1997). Most of the syntrophic propionate-oxidizing 
bacteria isolated so far belong to the Syntrophobacter cluster within the 6-subdivision of the 
proteobacteria. The phylogenetic position revealed the possiblity to use sulfate as electron acceptor for 
propionate oxidation (Harmsen et al, 1993). In addition, they can grow with pyruvate and fumarate as 
substrates. Recently Smithella propionica was isolated, which is phylogenetically related to the genus 
Syntrophus (Liu et al, 1999). This gram-negative propionate-oxidizer lacks the ability to reduce sulfate 
and uses another pathway than the Syntrophobacter strains to oxidize propionate. However Smithella 
propionica is able to grow axenically on crotonate (Liu et al, 1999; de Bok et al, 2001). Syntrophic 
propionate-oxidation is not restricted to gram-negative bacteria. Wu et al (1992) described the 
isolation of a gram-positive syntrophic propionate-oxidizing bacterium, which is able to produce 
spores. Apart from its grouping within the gram-positive bacteria no further physiological 
characterization was reported. Recently, two thermophilic syntrophic-propionate oxidizing bacteria 
have been described, which also appeared to be gram-positive sporeforming bacteria. One of these, 
Desulfotomaculum thermobenzoicum subsp. thermosyntrophicum, grows axenically on several 
substrates and like the Syntrophobacter strains it uses sulfate as an electron acceptor (Plugge et al, 
2001). Strain SI is phylogenically related to the 16S rRNA sequences of SporeA and SporeB, for 
which the corresponding organisms have not been isolated so far. Remarkably, strain SI lacks the 
ability to reduce sulfate (Imachi et al, 2000). In this study we describe a mesophilic spore-forming 
syntrophic propionate-oxidizing bacterium strain HH, which is also closely related to members of the 
genus Desulfotomaculum. This strain was obtained as a defined co-culture with Methanospirillum 
hungatei and could not grow axenically on any of the substrates tested. 
Materials and methods 
Growth medium 
Methanospirillum hungatei JF1T(DSMZ 864), Methanobacterium formicicum MF (DSMZ 1535) 
and Methanobrevibacter arboriphilicus (DSMZ 744) were obtained from the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ) in Braunschweig, Germany. A bicarbonate buffered 
mineral medium was used with the following composition; 3 mM Na2HP04, 3 mM KH2P04, 5.6 mM 
NH4CI, 0.75 mM CaCl2, 0.5 mM MgCl2, 5 mM NaCl, 50 mM NaHC03,1 mM Na2S, 7.5 uM FeCl2,1 
uM H3BO3, 0.5 uM ZnCl2, 0.1 uM CuCl2, 0.5 uM MnCl2, 0.5 uM C0CI2, 0.1 uM NiCl2, 0.1 uM 
Na2Se03, 0.1 uM Na2W04, 0.1 uM Na2Mo04, 0.5 mg/1 EDTA, vitamins (ng/1); 0.02 biotin, 0.2 
nicotinic acid, 0.5 pyridoxine, 0.1 riboflavin, 0.2 thiamin, 0.1 cyanocobalamin, 0.1 p-aminobenzoic 
acid, 0.1 panthotenic acid, 0.1 lipoic acid and 0.1 folic acid. The methanogenic archaea were cultured 
routinely at 37°C in 120-ml serum flasks with 50 ml of medium and a gas phase of 1.7 ami H2/C02 
(80:20, vol/vol). Propionate-oxidizing bacteria were cultured by inoculating either M hungatei, M. 
formicicum or M arboriphilicus cultures from which CH, and residual H2 was removed and replaced 
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by 1.7 atm N2/C02 (80:20, vol/vol), with 5 % of a pasteurized (20 min, 85°C) methanogenic co-
culture. After addition of 20 mM sodium propionate the cultures were incubated at 37°C. 
Enrichment ofthepropionate-oxidizing culture 
The propionate-oxidizing culture was enriched from freeze-dried granular sludge from an upflow 
anaerobic sludge bed reactor (CSM, Breda, The Netherlands). After freeze-drying, the sludge had been 
stored aerobically for more than 2 years at room temperature. Bottles with freshly prepared medium 
were inoculated with 0.2 g of freeze-dried granular sludge. After addition of 20 mM sodium propionate 
and 10 % (v/v) of a H2/CO2 grown culture of Methanospirillum hungatei the enrichment culture was 
incubated at 37°C. The propionate- oxidizing bacteria were further purified by repeated rounds of 
pasteurization for 30 min at 85°C and subculruring in the presence of M. hungatei. A morphologically 
distinct, rod-shaped bacterium which appeared when glucose was added to the medium, remained 
present, even after additional rounds of pasteurization and subculturing. 
Isolation of strain HH as a defined co-culture with Methanospirillum hungatei 
All procedures were carried out under anoxic conditions in a glove box with N2/H2 (96:4; v/v) as 
gas phase, from which traces of oxygen were removed by circulating the gas phase over a platinum 
catalyst column. Cells were collected from a 0.5 1 propionate-oxidizing enrichment culture by 
centrifugation at 16,000 x g in airtight centrifuge tubes. The cell pellet was resuspended in a mixture 
of 70 % percoll and 50 mM sodium phosphate pH 7.5 containing 2 mM Na2S. The cells were separated 
by generating a percoll gradient in an airtight centrifuge tube (9 ml) at 30,000 x g and 18°C for 30 
minutes. The upper band containing the propionate-oxidizing syntrophs was collected and inoculated 
in freshly prepared basal medium. Four dilution series up to 1010 were prepared from this culture in 
exponentially growing M hungatei cultures from which CH4 and residual H2 and was removed by 
flushing with N2/CO2 (80:20). In the batches of two of the dilution series yeast extract (1 g/1) and 
casein tryptic peptones (1 g/1) were added to stimulate growth. To each of the cultures 20 mM sodium 
propionate was added, and all bottles were incubated at 37°C in the dark. Purity of the cultures was 
checked by phase-contrast microscopy and growth in media supplemented with either glucose (10 
mM), pyruvate (20 mM), yeast extract (1 g/1) or casein tryptic peptones (1 g/I). 
Analytical methods 
Organic acids were measured with a Spectrasystem HPLC system equipped with an autosampler 
and refractomonitor. The acids were separated on a Polyspher OAHY column (30 cm by 6.5 mm, 
Merck, Germany) in 0.01 N H2S04 at a flow rate of 0.6 ml/min and a column temperature of 60°C. 
The acids eluting from the column were quantified by differential refractometry. H2 was measured 
gaschromatographically with a Packard-Becker 417 gas chromatograph equipped with a thermal 
conductivity detector and a molecular sieve 13X (60/80 mesh). The column temperature was 50°C, and 
the carrier gas was argon at a flow rate of 30 ml/min. The conversion of [3- C]-propionate was 
followed by proton-decoupled 13C-NMR as described previously (de Bok et aL, 2001). To determine 
whether strain HH uses a randomizing pathway of propionate oxidation, a co-culture was grown in the 
presence of 5 mM 3-13C-propionate. At the end of the logarithmic growth-phase a sample was 
withdrawn from this culture and analyzed for isotopes using 13C-NMR spectroscopy. A proton-
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decoupled 13C-NMR-spectrum was recorded at 75.47 MHz on a Bruker AMX-300 NMR spectrometer 
as described previously (de Bok et al, 2001). 
Nucleic acid isolation, PCR amplification, cloning and sequence analysis 
The nucleic acids were isolated from 10 ml of a late logarithmic enrichment culture as described 
previously (Harmsen et al, 1995). The bacterial 16S rRNA genes present in the enrichment culture 
were amplified by the polymerase chain reaction (PCR) as described before (Harmsen et al, 1993) 
using a set of universal 16S rRNA-based primers containing restriction sites to facilitate cloning: the 
forward primer (5'CACGG^rCCGGACGGGTGAGTAACACG) corresponded to Escherichia coli 
positions 106 to 124 and the reverse primer (5'GTGCrGC4GGGTTACCTTGTTACGACT) to E. coli 
positions 1493 to 1510. Recombinant plasmids were obtained as described previously using pUC18 as 
cloning vector and E. coli TGI as host (Harmsen et al, 1996). DNA sequencing was done using the 
dideoxy-chain termination method (Sanger et al., 1977) adapted for cycle-sequencing with Taq-
polymerase as described by the Life Sciences Technologies manual. All enzymes for DNA 
manipulations were obtained from Life Science Technologies (Gaithersburg, Md., USA). Unlabelled 
oligonucleotides were synthesized by Pharmacia (Uppsala, Sweden). Partial 16S rRNA nucleotide 
sequences were aligned with those of other bacterial sequences taking into account sequence similarity 
and higher order structure using the alignment tool of the ARB software package (Strunk and Ludwig, 
1995). 
Slot blot hybridizations 
Slot blot hybridization- experiments were performed on Hybond N+ filters (Du Pont). Nucleic acid 
samples containing approximately 50 ng of rRNA were applied to the membrane with a Hybridot 
manifold (Life Science Technologies) and immobilized according to Church and Gilbert (1984). The 
membranes were pretreated with hybridization buffer (0.5 M sodium phosphate pH 7.2, 7 % sodium 
dodecyl sulphate (SDS), 1 % BSA and 1 mM EDTA) for 30 min prior to hybridization with 100 ng of 
[y-P32]ATP-labeled probes. All membranes were hybridized at 40°C and washed in 1 % SDS, 1 x SSC 
(0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) wash buffer at 50°C. The membranes were exposed to 
a Kodak X-ray film or exposed to a phopho-imager screen. This screen was scanned for radioactive 
response on a Phosphor Imager (Molecular Dynamics, Sunnyvale, USA). The digital signals were 
processed by the manufacturers software (ImageQuant). 
Results 
Enrichment of the sporeforming syntrophic propionate-oxidizing culture 
To enrich for syntrophic propionate-oxidizing bacteria, freeze-dried granular sludge was inoculated 
in 50 ml medium with 20 mM propionate. After 3 months of incubation at 37°C, the propionate was 
depleted and CH4 was produced. Acetate was detected only in low amounts indicating the presence of 
acetoclastic methanogens. This culture was further purified by repeated rounds of pasteurization at 
85°C, and subculturing of the pasteurized culture in dilution series in the presence of Methanospirillum 
hungatei. The highest dilution with growth (usually dilution 108), was always used for subculturing. 
After 6 transfers, the culture consisted of two morphotypes, M. hungatei and a rod-shaped bacterium 
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which formed endospores (Figure 1). No other bacteria were observed microscopically. However, 
upon addition of glucose a long rod-shaped bacterium developed. This bacterium remained present, 
even after additional rounds of pasteurization and subculturing. The doubling time of the culture was 
approximately 7 days and the culture had a lag-phase varying from 1 up to 8 weeks. 
\ . 
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Figure 1. Phase-contrast micrograph of a co-culture of strain HH and Methanospirillum hungatei. 
PCR amplification, cloning and sequence analysis 
An enrichment culture which had been pasteurized and subcultured for at least 15 times under 
syntrophic conditions was used for phylogenetic analysis. PCR-ampIification of the 16S rRNA genes 
from the nucleic acids isolated from this culture resulted in a product of the expected size of 1.4 kb. 
This fragment was digested with BamRl and Pstl and ligated in pUC18, linearized with the same 
enzymes. The ligation products were transformed into E. coli TGI cells which resulted in 38 
recombinant plasmids. Ten of the recombinant plasmids were characterized by sequence analysis of 
the insert DNA using the universal 16S rRNA primer 1115 (E. coli 1100-1115) (Lane, 1991). Four of 
these plasmids contained inserts with identical sequences of the V6 region of the 16S rRNA, indicated 
as type A sequences. Five plasmids contained identical sequences indicated as type B. One plasmid 
contained an unidentified sequence. Two plasmids containing a type A or B 16S rDNA sequence were 
selected for further analysis, and their inserts were sequenced completely resulting in sequences of 
1361 and 1362 base pairs respectively. These sequences were deposited in the EMBL-database with 
accession numbers X91169 (Type A) and X91170 (Type B) 
Slot blot hybridization of the recombinant plasmids 
Specific oligonucleotide probes were designed against the V6 region of the type A and type B 16S 
rDNA sequences (5' GGACTACTGACACCTTTGTGTCTC and 5' GAGACTGTCGGATACTTTCATCC 
for A and B respectively). A slot blot containing approximately 100 ng of each of the 38 plasmids was 
hybridized with both probes to determine the ratio in which the two sequence types were represented 
by the clone library. In addition, a comparable amount of DNA obtained from five different PCR 
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amplifications was added to the blot to determine if selective cloning had appeared. Thirteen of the 38 
plasmids gave a positive signal with the type A specific probe and 17 plasmids gave a positive signal 
with the type B specific probe. All five PCR-products hybridized with both probes with approximately 
the same efficiency, indicating that the two 16S rDNA sequences were present in equal amounts after 
amplification. 
Isolation of strain HHas a defined co-culture with Methanospirillum hungatei 
Cells from a 0.5 1 culture grown on syntrophically on propionate, were collected by centrifugation 
and separated in a Percoll gradient generated by centrifugation. Two bands were visible in the gradient 
from which the upper band contained the (short) rod-shaped bacteria and the lower band M. hungatei. 
Cells with the morphology of the long rod-shaped bacteria were not detected (microscopically) in one 
of these bands. The layer containing the rod-shaped bacteria was inoculated into fresh basal medium, 
and from this culture dilution series were prepared into medium containing 20 mM propionate in which 
M. hungatei was pregrown on H2/C02. In the dilution series containing yeast extract and peptones, 
CH4 was produced up to the 109 dilution within 6 weeks. At this time point CH4 was only detected in 
the 101 dilution of the series which did not contain yeast extract and peptones. After 4 months methane 
was produced up to the 109 dilution in the series without yeast extract and peptones. Purity of this 
culture was checked by inoculating batches in medium with either glucose, pyruvate, yeast extract or 
peptones. In none of these cultures growth was observed indicating that the culture consisted of the 
spore-forming propionate-oxidizing bacterium and M. hungatei only (Figure 1). The propionate-
oxidizing bacteria were 1 urn by 2.0-2.5 jxm in size, non-motile and produced central-shaped 
endospores in the late log-phase. Sequence analysis of the 16S rDNA amplified from this culture 
revealed that both sequences which had been obtained from the enrichment culture were still present in 
equal amounts in this culture. 
Physiological characterization of strain HH 
The propionate-oxidizing bacterium strain HH oxidized propionate to acetate and CH4 with either 
Methanospirillum hungatei (strain JF1) or Methanobacterium formicicum (strain MF), but not with 
Methanobrevibacter arboriphilicus. The culture oxidized 1 mol propionate to about 0,9 mol acetate 
and 0.7 mol CH4. The doubling time of the propionate-oxidizing co-culture with M hungatei was 3.2 
days. Yeast extract (1 g/1) and furnarate (Table 1) stimulated growth, but the culture was not able to 
grow on these compounds in the absence of propionate and M.hungatei. Other substrates which were 
tested for syntrophic growth, but which were not utilized included lactate, pyruvate, furnarate, malate, 
succinate, acetate, citrate, a-ketoglutarate, butyrate, 3-hydroxy-butyrate, 4-hydroxy-butyrate, 
isobutyrate, crotonate, benzoate, glucose, fructose, xylose, methanol, ethanol, isopropanol, propanol, 
glycerol, butanediol, glycine, aspartate, serine, alanine, glutamate and proline. The electron acceptors 
sulfate, thiosulfate, sulfite, nitrate, chlorate, Fe(III)-EDTA, furnarate, proline, glycine, crotonate, 
anthraquinone disulfonic acid and elemental sulfur did not support axenic growth of pasteurized 
cultures in the presence of propionate. Pasteurized cultures did not grow on H2/C02, formate or 
pyruvate either. The culture converted [3-I3C]-propionate to equal amounts of [1-13C]- and [2-13C]-
acetate indicative for the randomizing methyl-malonyl-CoA pathway (de Bok et aL, 2001). 
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Table 1. Effect of fumarate on syntrophic growth on propionate of strain HH in co-culture with Methanospirillum hungatei. 
1, Amount of methane produced per mol propionate oxidized, Abbreviations; O.D., Optical density; Prop, propionate; Ac, 
acetate; Mai, malate; Sue, succinate; Fum, fiamarate. 
Substrate CH4 O.D. Prop Ac Mai Sue Fum 
\mo\) (mM) (mM) (mM) (mM) (mM) 
2 mM acetate 0.49 0.006 0 2.2 -
20 mM propionate 9.1 0.15 S.9 15.2 
+ 2 mM acetate 
20 mM propionate 17 0.22 0 31.2 8.6 4.6 2.6 
+ 2 mM acetate 
+ 20 mM fiamarate 
Phylogenetic analysis 
Comparative sequence analysis of the 16S rRNA sequences derived from the enrichment culture 
with other sequences revealed that both sequences cluster phylogenetically with species of the genus 
Desulfotomaculum. However, the organism was most closely related (similarity values of 94 and 95 % 
for the type A and B sequences respectively) to the thermophilic propionate-oxidizing isolate Strain SI 
, which is also incapable of sulfate reduction (Imachi et ah, 2000). The genus name 'Pelotomaculum' is 
currently being proposed for this organism (Imachi et al, personal communication). The phylogenetic 
position indicates that strain HH belongs to the genus Desulfotomaculum, and because of its 
physiological properties and low 16S rRNA sequence similarity with its nearest neighbors, we propose 
it to represent a new species,kPelotomaculum schinkii'. A consensus tree based on distance matrix and 
parsimony analysis and is. coli as an outgroup, is depicted in Figure 2. 
Discussion 
A spore-forming syntrophic propionate-oxidizing bacterium was isolated in co-culture with 
Methanospirillum hungatei. The organism harbors two distinct 16S rDNA genes with 96.8% sequence 
similarity. Sequence heterogeneity in the rRNA operons is not an unusual property of bacteria, it has 
also been described for other (gram-positive) bacteria such as Paenibacillus polymyxa (Ntibel et al, 
1996), Bifidobacterium adolescentis (Satokari et al, 2001), and Clostridium perfringens (Shimizu et 
al, 2001). 
The gram-positive propionate-oxidizing bacterium strain HH produces spores and it is most closely 
related to a thermophilic syntrophic propionate-oxidizing bacterium strain SI described recently 
{Imachi et al, 2000). Both organisms cluster within the genus Desulfotomaculum, which also includes 
another thermophilic syntrophic propionate-oxidizing bacterium (strain TPO) described recently 
(Plugge et al, 2001). Both thermophilic strains could be cultured axenically, while the mesophilic 
organism described here did not utilize any of the substrates tested. A mesophilic spore-forming 
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Desulfotomaculum 
Desulfotomaculum thermobenzoicum subsp.* 
Desulfotomaculum thermobenzoicum 
Desulfotomaculum thermocisternum 
Desulfotomaculum australicum 
Desulfotomaculum kutznetsovii 
• Uuncultured eubacterium WCHB 
— Uncultured eubacterium WC 
HI SporeB SporeA 
— Strain SI 
Strain Hpl 
Syntrophobacterfumaroxidans 
— Syntrophobacter wolinii 
— Smithella propionica 
Escherichia coli 
0.10 
Figure 2. Neighbor joining tree based on 16S rDNA sequences, showing the phylogenetic position of the sequences 
obtained from strain HH (sporeA and sporeB) among representatives of the genus Desulfotomaculum and their distance to 
other syntrophic propionate-oxidizing bacteria. The bar represents 10% estimated sequence divergence. * Desulfotomaculum 
thermobenzoicum subspecies thermosyntrophicum. 
propionate-oxidizing was described by Wu et al in 1992. This strain (strain PT) was isolated in co-
culture with Methanobacterium formicicum and was one of the prevalent syntrophic propionate-
oxidizers in the UASB-granules they studied. Although somewhat smaller in length, strain PT had the 
same characteristics as the bacterium described here, it produced endospores and was not able to 
reduce sulfate in the presence of propionate (Wu et ah, 1992). Besides butyrate, strain PT was not 
tested for growth on other substrates and no phylogenetic information is available for this organism. 
The growth rate of strain HH strongly depended on the number of methanogens present. During 
enrichment only 10 % (vol/vol) of a H^CCh-grown culture of M. hungatei was added and the 
maximum doubling time observed in these culture was only approximately 7 days. For further isolation 
procedures the culture was inoculated into batches in which M. hungatei was pregrown on H2/CO2. In 
these batches the doubling time was close to 3 days, most likely as a result of the increased numbers of 
M hungatei. The time interval needed for a 109 diluted culture to show visible growth suggests that the 
doubling could even be much less under optimal conditions, approximately 1.5 days. 
We were not able to grow strain HH axenically whereas we tested all substrates that supported 
growth of other syntrophs. Most syntrophic propionate-oxidizing bacteria use the randomizing methyl-
malonyl-CoA pathway to oxidize propionate (Houwen et al, 1990; 1991; Plugge et al, 1993). An 
alternative pathway, which has been proposed for Smithella propionica recently, explained the 
presence of a non-randomizing pathway in methanogenic ecosystems and enrichment cultures (de Bok 
28 
Pelotomaculum schinkii 
et ai, 2001). A 13C-NMR experiment with strain HH grown on 3-13C propionate yielded both 1- and 2-
C acetate. This is indicative for the presence of the methyl-malonyl-CoA pathway (Data not shown). 
The presence of this pathway has also been demonstrated, by measuring some of the key-enzymes of 
the pathway, in the closely related Desulfotomaculum thermobenzoicum subsp. thermosyntrophicum 
(Plugge et al, 2001). We tested strain HH for axenic growth on several intermediates of this pathway 
including several combinations with propionate, but in none of these cultures growth was observed. 
Fumarate however, did stimulate syntrophic growth on propionate in this organism, probably by 
preventing the energetically unfavorable oxidation of succinate to fumarate during propionate 
oxidation. Syntrophobacter strains are able to ferment intermediates due to the reversibility of the 
energetically unfavorable oxidation of succinate to fumarate. Apparently strain HH is not able to 
couple the electrons released in the three oxidation steps during propionate oxidation to fumarate 
reduction. Possibly strain HH represents the first true obligate syntrophic organism. 
Description of 'Pelotomaculum schinkii'sp. nov. 
'Pelotomaculum schinkii' sp. nov.; Schin.'ki.i N.L. gen. n; named after Bernard Schink who isolated 
the first sporeforming syntrophic organism. Gram positive rods of 1 um by 2-2.5 urn in size, produces 
endospores in the late log-phase, non-motile, strictly anaerobic. Grows syntrophically on propionate 
with methanogens that utilize both hydrogen and formate such as Methanospirillum hungatei JF1 and 
Methanobacteriumformicicum MF. Habitat; anaerobic granular sludge. 
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Pathway of propionate oxidation by a syntrophic culture of 
Smithelh propionics and Methanospirillum hungatei 
Frank A.M. de Bok, Alfons J.M. Stams, Cor Dijkema and David R. Boone 
Appl. Environ. Microbiol. 67:1800-1804 (2001) 
T he pathway of propionate conversion in a syntrophic coculture of Smithella propionica and 1 ^ 
Methanospirillum hungateii JF1 was investigated by C-NMR spectroscopy. Cocultures produced 
I T 1 1 
acetate and butyrate from propionate. [3- C]propionate was converted to [2- CJacetate, with no 
[1- C] acetate formed. Butyrate from [3-13C]propionate was labeled at the C2 and C4 position in a ratio 
of about 1:1.5. Double-labeled propionate (2,3-13C) yielded double-labeled acetate, but also single 
labeled acetate at the CI or C2 position was formed. Most butyrate formed from [2,3-13C] propionate 
was also double-labeled in either the CI and C2 atoms or the C3 and C4 atoms, in a ratio of about 1:1.5. 
Smaller amounts of single-labeled butyrate and other combinations were also produced. [1- C]-
Labeled propionate yielded both [l-13C]acetate and [2-I3C]acetate. When 13C-labe!ed bicarbonate was 
present, label was not incorporated into acetate, propionate or butyrate. In each of the incubations 
described above, 13C was never recovered in bicarbonate or methane. These results indicate that S. 
propionica does not degrade propionate via the methyl-malonyl-CoA pathway or any other of the 
known pathways, such as the acryloyl-CoA pathway or the reductive carboxylation pathway. Our 
results strongly suggest that propionate is dismutated to acetate and butyrate via a 6-carbon 
intermediate. 
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Introduction 
In methanogenic environments propionate is oxidized by acetogenic bacteria to acetate and carbon 
dioxide (Stains, 1994; Schink, 1997). Methanogenic archaea make this reaction energetically favorable 
by removing reducing equivalents either as hydrogen or as formate (Boone and Bryant, 1980; Boone et 
al, 1989; Stams and Dong, 1995). Syntrophic propionate oxidation mainly occurs via the randomizing 
methyl-malonyl-CoA pathway as was demonstrated for several Syntrophobacter species (Houwen et 
al,1990; houwen et al, 1991; Plugge et al,1993) as well as for mixed methanogenic cultures (Koch et 
al, 1983; Boone, 1984; Schink, 1985; Houwen et al, 1987; Robbins, 1987; Tholozan et al, 1988). 
However, other pathways of propionate degradation are possible as well, such as a non-randomizing 
pathway via butyrate (Tholozan et al, 1988; 1990; Lens et al, 1993). In these studies, evidence was 
provided that part of the propionate is carboxylated to butyrate which is then degraded to acetate. 
Alternative possible pathways of propionate conversion were recently documented by Textor et al 
(1997). 
Recently, a novel syntrophic propionate-oxidizing bacterium was isolated which may possess a 
propionate-degradation pathway via butyrate (Liu et al, 1999). Cocultures of Smithellapropionica and 
a hydrogen- and formate-utilizing methanogen produce less methane and more acetate than cocultures 
with Syntrophobacter strains. In addition, the cocultures with Smithella propionica produce small 
amounts of butyrate. It was suggested that this organism dismutates propionate to acetate and butyrate 
followed by syntrophic p-oxidation of butyrate to acetate. In this paper we report the results of C-
NMR studies to elucidate the pathway of propionate oxidation in Smithella propionica. 
Materials and Methods 
Organisms and cultivation 
Methanospirillum hungateii JF1 was obtained from the Deutsche Sammlung von Mikroorganismen 
und Zellkulturen (DSMZ) in Braunschweig, Germany. The MS medium (Boone et al, 1989) with 0.5 g 
Casein tryptic peptone and 0.5 g yeast extract per liter, but with 1 mM L-cysteine instead of 1 mM 
mercaptoethane sulfonate was used to grow syntrophic cultures of Smithella propionica and 
Methanospirillum hungateii. The methanogens were pregrown on H2 and CO2 in 120-ml serum vials 
with 50 ml of medium. After growth the gas atmosphere was replaced by N2 and C02 (80:20) and 
Smithella propionica (in coculture with Methanospirillum hungateii) was inoculated in these 
Methanospirillum hungateii cultures. The cocultures were incubated at 37°C with 10 mM of 
propionate. 
Nuclear Magnetic Resonance spectroscopy 
Stable Isotopes (min. 99% 13C) were obtained from Campro Scientific B.V. (Veenendaal, the 
Netherlands). Serum vials were prepared with 10 mM of either [l-13C]propionate, [2-13C]propionate, 
[3- CJpropionate or [2,3-13C]propionate as substrates in 50 ml of medium. To test incorporation of 
H C03" the coculture was grown on 10 mM unlabeled propionate in the presence of 50 mM H13C031_. 
The combination of 10 mM unlabeled propionate and 4 mM of [l-13C]acetate or [2-13C]acetate was also 
tested. After 10, 20 and 30 days 3-ml samples were withdrawn for analysis. Cells were removed by 
centrifugation at 10 000 x
 g , D20 and dioxane were added to 2 ml of supernatant to give a final volume 
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of 2.5 ml in 10 mm o.d. NMR-tubes containing 10% D2O and 100 mM dioxane. The proton-decoupled 
13C-NMR-spectra of the samples were recorded at 75.47 MHz on a Bruker AMX-300 NMR 
spectrometer. For each spectrum 7200 transients (2 h) were accumulated and stored on disc using 32k 
data points, a 45° pulse angle (pulse duration 9 us) and a delay time of 1 s between the pulses. The 
measuring temperature was maintained at 25°C and the chemical shift belonging to the dioxane carbon 
nuclei (67.4 ppm) was used as an internal standard. The deuterium in the samples (10%, v/v) was used 
for field lock. A balance of C-labeled compounds was calculated by relating the areas of the observed 
resonances to the areas in the spectrum of a sample containing propionate, butyrate and acetate (100 
mM of each, 1.11% natural abundance) measured under identical conditions with dioxane as an internal 
standard. 
Other analytical techniques 
The remainder of the 3-ml samples withdrawn for NMR-measurements was analyzed for organic 
acids. Also, 0.4-ml gas samples were withdrawn to determine the amount of CH4 produced. Organic 
acids were measured with a Spectrasystem HPLC system equipped with an autosampler and 
Refractomonitor. The acids were separated on a Polyspher OAHY column (30 cm by 6.5 mm, Merck, 
Germany) in 0.01 N H2SO4 at a flow rate of 0.6 ml/min and a column temperature of 60°C. The acids 
eluting from the column were quantified by differential refractometry (Stams et aL, 1993). Methane 
levels were measured chromatographically with a Packard-Becker 417 gas chromatograph equipped 
with a thermal conductivity detector and molecular sieve 13X (60/80 mesh). The column temperature 
was 50°C, and the carrier gas was argon at a flow rate of 30 ml/min. 
o 
G 
G 
O 
U 
Time (days) 
Figure 1. Growth of Smithella propionica in co-culture with Methanospirillum hungatei JF1 in 50 ml batches, markers; 
—•—propionate — • acetate —^—butyrate —x—methane produced. 
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Results 
Growth experiments 
Growth of the syntrophic co-culture of Smithella propionica and Methanospirillum hungatei is 
shown in Figure 1. After 30 days of incubation, the culture produced 0.1 mol methane, 1 mol acetate 
and 0.1 mol butyrate per mol propionate degraded (Figure 1). In control bottles without propionate and 
in bottles to which 5 mM of bromoethane sulfonate (BrES) was added, no measurable changes in the 
organic acid concentration were observed and no methane was produced. 
Table 1. 13C-recoveries (%) from propionate conversion by Smithella propionica and Methanospirillum hungatei after 30 
days of incubation. Propionate (P) was tested with label at the CI, C2, C3 atom or double-labeled at C2 and C3 atoms. 
Acetate (A) was introduced with label at the C2 atom. The inaccuracy of the quantified signals is usually less than 5% for 
methyl- and methylene carbon atoms present at a concentration of at least 0.5 mM (values > 10% in the table). Quantification 
of signals present at lower concentrations and especially those of carboxylic acids is less accurate. However, the inaccuracy 
of those signals was usually only between 5 and 20%. 
Isotopes recovered: 
[1- C]propionate 
[2- C]propionate 
[3-13C]propionate 
[l,2-13C]propionate 
[2,3-13C]propionate 
[l-13C]acetate 
[2-13C]acetate 
[l,2-13C]acetate 
[l-13C]butyrate 
[l,2-13C]butyrate 
[2-13C]butyrate 
[2,3-13C]butyrate 
[3-13C]butyrate 
[3,4-13C]butyrate 
[4-l3C]butyrate 
total 13C recovery: 
[1-13C]P 
11 
2 
2 
1 
1 
29 
27 
2 
4 
5 
2 
3 
4 
93 
[2-13C]P 
14 
2 
53 
1 
2 
9 
10 
91 
Substrate: 
[3-13C]P 
17 
62 
9 
13 
101 
[2,3-13C]P 
1 
1 
15 
16 
18 
35 
3 
3 
1 
3 
1 
5 
2 
104 
[2-13C]A 
6 
57 
9 
10 
82 
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Figure 2. Time courses of propionate conversion by SmUhella propionica as measured by H-decoupted C-NMR. P 
propionate, A = acetate, B = butyrate. The numbers refer to the position of the 13C-atoms. A. Incubator, wrth [1- C] 
propionate B. Incubation with [2,3-"C]propionate. The resonances within the area of the carboxyl-groups (150-190 ppm) m 
this spectrum are enlarged by a factor 4. 
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NMR measurements 
When Smithella propionica was grown with [3-13C]-propionate both [2-13C]-acetate as well as 
unlabeled acetate were produced, while [l-I3C]-acetate was not formed (Table 1 & 2). Label initially 
appeared mainly at the C4 of butyrate, but after 30 days of incubation, label was recovered at the C2 
and C4 position of butyrate, in a ratio of about 1:1.5 (Table 1). [2- C]-Propionate yielded [1- C]-
1 1 1 'X 
acetate as well as unlabeled acetate, though also small amounts of [2- C]-acetate and [1,2- C]-acetate 
were detected. Throughout this experiment, nearly equal amounts of label were detected at the CI and 
C3 of butyrate (Table 1 & 2). The batches fed with [l-13C]-propionate yielded nearly equal amounts of 
[l-13C]-acetate, [2-13C]-acetate and unlabeled acetate (Fig 2a; Table 1 & 2). In this experiment the label 
initially appeared at the C2 of butyrate, while after 30 days of incubation label was distributed more 
evenly over all carbon atoms (Fig 2a). Double labeled propionate at the C2 and C3 positions yielded [1-
13C]-acetate, [2-13C]-acetate and [l,2-13C]-acetate in a ratio near 1:1:1. Butyrate was initially mainly 
double labeled at the C3 and C4, but after 30 days of incubation also substantial amounts of single 
labeled butyrate and other combinations were detected (Fig 2b, Table 1 & 2). 
Label was also recovered in butyrate and propionate when the culture was grown on propionate in 
the presence of labeled acetate. Label from [l-13C]-acetate was detected at the CI and C3 positions of 
butyrate and at the C2 of propionate (data not shown), whereas [2-I3C]-acetate yielded label at the C2 
and C4 positions of butyrate and at the methyl group of propionate (Table 1). 
Although H CO3 " was visible in all the NMR-spectra due to natural abundance (approximately 0.5 
mM, Fig 2), there were no substantial increases of the bicarbonate area observed. Therefore, we did not 
make further attempts to quantify H13C031_ or 13CH4. In addition, when the coculture was grown in the 
1 -I i 
presence of 50 mM H CO3 we could not detect incorporation of label, since all the observed areas 
were due to natural abundance of the compounds present as was calculated from HPLC-data. 
•13« • Table 2. Distribution of C in acetate recovered from propionate conversion by Smithella propionica and Methanospirillum 
hungatei after 30 days of incubation. 
Acetate isotopes recovered (mM) 
Substrate: 
1 ~\ [1- C]propionate 
[2- C]propionate 
1 ^ [3- Cjpropionate 
[1-C13] 
2.5 ±0.2 
4.7 ±0.3 
0 
[2-C13] 
2.3 ±0.1 
0.1 ±0.03 
5.2 ± 0.2 
[1,2-C13] 
0.1 ±0.03 
0.2 ± 0.05 
0 
unlabeled 
2.1 ±0.5 
2.1 ±0.5 
1 1 ± 0.3 
13 [2,3- C]propionate 2.3 ± 0.2 2.7 ±0.1 2.6 ±0.3 0 
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Discussion 
The stoichiometry of propionate conversion by the coculture of Smithella propionica and 
Methanospirillum hungateii was similar as reported previously (Liu et ah, 1999). Our results obtained 
13 
with C-NMR support the theory that propionate is dismutated to acetate and butyrate, followed by 
syntrophic p-oxidation of butyrate to acetate. In addition, the results enabled us to propose a pathway of 
propionate conversion by Smithella propionica. A randomizing pathway, which was found for several 
Syntrophobacter species, could be excluded since there was no exchange in label due to symmetry in 
any of the intermediates (Houwene/ a!., 1990; 1991; Plugged ah, 1993). Initially, we expected to find 
an acryloyl-CoA-like pathway in combination with reductive carboxylation as reported in previous 
studies (Lens et al, 1996; Tholozan et al., 1988; 1990). However, [l-13C]propionate did not yield 
H CO3 \ and experiments with [2,3- C]propionate showed that at least half of the methyl-methylene 
bonds were broken. Furthermore, H CCh1- was not incorporated into propionate, indicating that the CI 
of butyrate is introduced either via transcarboxylation or via Claisen condensation. Condensations 
involving propionyl-CoA were reported by Reeves and Aji (Reeves and Ajl, 1962) and by Tabuchi et 
al. (Tabuchi et al, 1974). However, these pathways both lead to the formation of acetyl-CoA via 
decarboxylation (of pyruvate) and do not explain the breakage of the methyl-methylene bonds either. 
Incubations with labeled acetate showed that an acetyl-CoA condensation pathway is present in 
Smithella propionica, most likely similar to the pathway found for Syntrophomonas wolfei (Wofford et 
al., 1986). However the majority of the butyrate is produced in a different fashion since single-labeled 
propionate initially yielded mainly single-labeled butyrate, and [2,3-13C]propionate initially yielded 
mainly [3,4-I3C]butyrate. 
A pathway which could expain the observed labelling pattern is depicted in Figure 3. The high levels 
of [l-13C]butyrate from [2-13C]propionate and [2,3-13C]propionate suggest that the C2 of propionate is 
coupled to the carboxyl group of a second propionate molecule. A rearrangement of the 6-carbon-
intermediate to give an unbranched molecule followed by cleavage of acetate would explain the ratios 
of labeled acetate, as well as the ratios of labeled-unlabeled acetate (Fig. 3). The residual 4-carbon 
molecule (butyrate) is then norther oxidized syntrophically to acetate, which agrees with the amounts of 
methane produced. The presence of such pathway is strongly favored by the fact that we could not 
demonstrate incorporation or excretion of H^CCfe1" The incubations in the presence of labeled acetate 
revealed that the pathway is reversible. This explains the observed shift of label in time towards a more 
equal distribution in butyrate. It also explains why small amounts of label are recovered in [2-
13C]acetate from [2-13C]propionate and double labeled acetate from either [1-I3C]- or [2-I3C]propionate, 
while [3-13C]propionate yielded exclusively [2-13C]acetate. In addition, it explains the distribution of 
label in butyrate as well as the formation of [2,3-13C]butyrate from [2-13C]propionate. 
Most likely all steps in the proposed pathway require CoA-derivatives, as occurs during butyrate 
oxidation. The initial activation of propionate may be accomplished by CoA transfer from acetyl-CoA 
or another CoA-containing intermediate. Like other rearrangement reactions, the isomerization of the 2-
methyl group to an unbranched molecule is likely a coenzyme Bn-dependent reaction. The mechanism 
of this rearrangement may be identical to the reaction catalyzed by methyl-malonyl-CoA mutase 
(Halpern, 1985). Transfer of the keto group would require a reduction and a dehydration, yielding a 
double bond between C3 and C4, followed by addition of H20 and oxidation to 3-ketohexanoate. 
Possibly the last two steps are catalyzed by crotonase and butyryl-CoA dehydrogenase, enzymes also 
required for the cleavage of butyrate. 
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Smithella propionica is the first syntrophic propionate-oxidizer that may account for the non-
randomizing pathway observed in methanogenic habitats. The results seem to fit in previous studies 
with methanogenic biomass and enrichment cultures in which the presence of an alternative route for 
propionate oxidation was clearly demonstrated by the use of 13C-NMR (Lens et ah, 1996; Tholozan et 
ah, 1988; 1990). The isolation of Smithella propionica enabled us to study this pathway into detail 
without interference of the randomizing methyl-malonyl-CoA pathway which also occurs in complex 
microbial communities. It might be interesting to study the occurrence of Smithella propionica or 
micro-organisms with a similar pathway in anaerobic digesters and other methanogenic environments. 
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of Syntrophobacfer fumaroxidans 
Frank A.M de Bok, Erwin H.A. Roze and Alfons J.M. Stams. 
T he syntrophic propionate-oxidizing bacterium Syntrophobacfer fumaroxidans possesses two 
' distinct formate dehydrogenases and at least three distinct hydrogenases. One of the hydrogenases 
is located in the periplasm, the other hydrogenases as well as the formate dehydrogenases are 
cytoplasmic enzymes. These enzymes were expressed on all growth substrates tested, though the levels 
of each enzyme showed large variations. These findings suggest that protons and C02 are reduced 
intracellularly which implies that both H2 and formate should be transported across the cytoplasmic 
membrane during syntrophic growth on propionate. 
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Introduction 
Oxidation of propionate to acetate, carbon dioxide, hydrogen and/or formate, is an important step in 
the degradation of organic matter in methanogenic environments (Gujer and Zehnder, 1983). This step 
can only proceed if the products, hydrogen and formate, are removed efficiently by methanogens. 
Thus, obligatory syntrophic consortia are required for propionate oxidation (Stams, 1994; Schink, 
1997). Most syntrophic propionate-oxidizing bacteria that have been isolated from methanogenic 
habitats belong to the 'Syntrophobacter' cluster within the 6-subdivision of the proteobacteria 
(Harmsen et ah, 1993). Although several other syntrophic propionate-oxidizing bacteria have been 
described (Liu et ah, 1999; Plugge et ah 2001), Syntrophobacter species are studied best. 
Syntrophobacter species share the ability to couple propionate oxidation to sulfate reduction, as their 
relationship to sulfate-reducers already suggested. In addition, S. fumaroxidans and S. wolinii also 
grow axenically by fermenting fumarate (Stams et ah, 1993). S. fumaroxidans, ferments fumarate to 
CO2 and succinate. The acetyl-CoA cleavage pathway, which is present in S. fumaroxidans, is thought 
to have an anaplerotic function in this organism during syntrophic growth on propionate (Plugge et ah, 
1993). Syntrophobacter species oxidize propionate via the methyl-malonyl-CoA pathway, which is 
also used by fermentative bacteria to produce propionate (Houwen et ah, 1990). Reducing equivalents 
are released either as H2 or as formate. Both products should be kept low in concentration by 
methanogens to make the reaction energetically feasible. Hydrogen is considered to be the main 
electron carrier, but there is some evidence that also formate may play an important role in syntrophic 
consortia (Boone et ah, 1989; Thiele & Zeikus, 1988; Stams & Dong, 1995). 
We have studied the enzymes involved in interspecies electron transfer in S fumaroxidans. This 
organism has a hydrogen and formate metabolism including two formate dehydrogenases and at least 
three hydrogenases. A hydrogenase and two distinct formate dehydrogenases were isolated from S. 
fumaroxidans (unpublished results). Here we present the results of several experiments to quantify and 
localize hydrogenases and formate dehydrogenases in S. fumaroxidans, and relate these activities to a 
possible hydrogen and formate metabolism in this organism. In addition, their role in syntrophic 
propionate oxidation is discussed. 
Materials and Methods 
Growth conditions 
Syntrophobacter fumaroxidans was grown in a bicarbonate buffered mineral medium with the 
following composition; 3 mM Na2HP04, 3 mM KH2P04, 5.6 mM NH4CI, 0.75 mM CaCl2 0 5 mM 
MgCl2, 5 mM NaCl, 50 mM NaHC03, 1 mM Na2S, 7.5 ,iM FeCl2, 1 uM H3BO3 0 5 uM ZnCl2, 0.1 
MM CuCl2,0.5 uM MnCl2,0.5 uM CoCl2, 0.1 uM NiCl2, 0.1 uM Na2Se03,0.1 uM Na2W04 0.1 ,iM 
Na2Mo04, 0.5 mg/1 EDTA, vitamins fog/l); 0.02 biotin, 0.2 nicotinic acid, 0.5 pyridoxin, 0.1 
riboflavin, 0.2 thiamin, 0.1 cyanocobalamin, 0.1 p-aminobenzoic acid, 0.1 panthotenic acid, 0.1 lipoic 
acid and 0.1 folic acid. The organism was cultured routinely at 37°C in 120-ml serum flasks with 50 ml 
of medium and a gas phase of 1.7 atm N2/C02 or H2/C02 (80:20, vol/vol). For mass cultivation, 
substrate adapted cultures (4 transfers or more) were transferred to 3-1 serum bottles containing 1.5 1 
medium. Substrates were added from 1 M sterile stock solutions. 
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Cell fractionation 
Centrifugation steps were performed at 4°C in airtight closed tubes, whereas all other procedures 
were carried out under anoxic conditions in a glove box with N2/H2 (96:4; v/v) as gas phase. Traces of 
oxygen were removed by circulating the gas phase over a platinum catalyst column. Cells were 
collected by centrifugation at 16,000 x g and washed with 50 mM Tris-HCl pH 8 containing 100 uM 
sodium dithionite (buffer A). Cells were resuspended in 1-5 ml of the same buffer and disrupted by 
sonication. Cell debris was removed by centrifugation at 16,000 x g. The crude extract was centrifuged 
for 60 min at 140,000 x g to separate the membranes from the soluble fraction. The membrane pellets 
were resuspended in buffer A. 
Separation ofFDHandH2ase activity on ceramic hydroxy apatite 
Liquid chromatography was performed in an anaerobic glove box by fast protein liquid 
chromatography. The soluble fractions of S. fumaroxidans cells were separated on a Biogel-CHT5 
column (1 x 6.4 ml, Bio-Rad). Buffers were degassed and filtered through a 45 um filter and 
equilibrated in the anaerobic glove box for at least 24 h. The biogel-CHT5 column was equilibrated 
with 0.01 mM Na-phosphate pH 7, at a flow rate of 1 ml/min. The chromatography buffers were 
supplied with 150 uM sodium dithionite prior to use. Soluble protein-fractions were loaded onto the 
column and eluted in a 50-ml linear gradient of 0.01-0.25 M sodium phosphate, followed by a 20-ml 
linear gradient of 0.25-0.5 M sodium phosphate. The proteins that eluted from the column were 
collected in 3.5-ml fractions and subsequently analyzed for hydrogenase and formate dehydrogenase 
activity. 
Enzyme activities 
Enzyme activities were routinely measured at 37°C in N2-flushed 1-ml cuvettes closed with butyl-
rubber stoppers. One unit of enzyme is defined as the amount of enzyme catalyzing the oxidation or 
production of 1 umol H2 or formate per min. Formate and H2 oxidation rates were recorded at 578 nm 
with benzyl viologen in 50 mM Tris-HCl pH 8. H2 production rates were measured in 35-ml serum 
flasks containing 2 ml 100 mM sodium phosphate pH 7, 10 mM methyl viologen and 100 mM sodium 
dithionite. After 15 minutes incubation at 37°C, the reaction was initiated by addition of 10-100 ul 
sample. Formate-hydrogen lyase activity was measured at 37°C in 35-ml serum flasks containing 5 ml 
50 mM Tris-HCl pH 8, 200 uM sodium dithionite and 10-100 ul sample. The reaction was started by 
addition of 20 mM sodium formate. Hydrogen production was followed by withdrawing 0.5 ml 
samples in time and analyzed by gas chromatography. Malate dehydrogenase was assayed at pH 9 in a 
mixture containing 0.4 M glycine, 0.32 M hydrazine and 2.5 mM NAD. The reaction was started by 
addition of 10 mM L-malate. Protein was determined according to Bradford with bovine serum 
albumin as a standard (Bradford, 1976). For activity-localization experiments an additional Bio-Rad 
DC protein assay was used. To determine the protein content of whole cells, protein was extracted by 
boiling for 15 minutes in 1 M NaOH. 
Polyacrylamide gel electrophoresis and staining 
Cell fractions were separated in 6.5% (w/v) polyacrylamide gels which were preincubated in an 
anaerobic glove box for 24 h. Electrophoresis buffers and gels contained 0.1% triton X-100, the 
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samples contained 2.5% triton X-100. For activity staining the gels were transferred to anaerobic jars 
containing 100 mM Na-phosphate buffer pH 7.2 and 1 mM methyl viologen. The viologen dye was 
slightly reduced with sodium dithionite before the gel was placed in the solution. For staining of 
hydrogenase activity 1 mM triphenyl tetrazolium chloride was added and then the jar was flushed with 
H2 for 20 minutes. For staining of formate dehydrogenase activity the jar was flushed with N2 before 
addition of the tetrazolium salt and the reaction was started by addition of 10 mM sodium formate. The 
gels were stained for 30 minutes at 37°C. Reddish bands indicative for formate dehydrogenase or 
hydrogenase activity usually appeared within a few minutes. 
Analytical methods 
Organic acids were measured with a Spectrasystem HPLC system equipped with an autosampler 
and refractomonitor. The acids were separated on a Polyspher OAHY column (30 cm by 6.5 mm, 
Merck, Germany) in 0.01 N H2SO4 at a flow rate of 0.6 ml/min and a column temperature of 60°C. 
The acids eluting from the column were quantified by differential refractometry. Hydrogen was 
measured gaschromatographically with a Packard-Becker 417 gas chromatograph equipped with a 
thermal conductivity detector and molecular sieve 13X (60/80 mesh). The column temperature was 
50°C, and the carrier gas was argon at a flow rate of 30 ml/min. 
Results and discussion 
Substrate dependent hydrogenase and formate dehydrogenase activities 
S. fumaroxidans was cultured with several combinations of electron donors and acceptors. The 
organism converted these substrates as described in previous studies (Stams et al9 1993; van Kuijk et 
al., 1998). Fumarate was reduced to succinate when H2, formate or propionate was present as electron 
donor, while fumarate was fermented to succinate and C02 when no additional electron donor was 
Table 1. Hydrogenase and formate dehydrogenase activities in cell extracts of S. fumaroxidans grown with different 
substrates, and recovery of those activities after fractionation at 100,000 x g in membranes and soluble fraction (percentage 
of the total activity separated). Py, pyruvate; F, fumarate; F/P, fumarate with propionate; F/Fo, fumarate with formate; F/H, 
fumarate with hydrogen; H/S, hydrogen with sulfate; P/S, propionate with sulfate. 
Crude extract (U/mg) 
soluble fraction (%) 
membranes (%) 
Crude extract (U/mg) 
soluble fraction (%) 
membranes (%) 
Py 
11 
67 
21 
57 
80 
15 
F 
5.4 
66 
24 
11 
85 
13 
F/P F/Fo F/H 
hydrogenase 
13 5.1 7.6 
81 53 71 
18 25 33 
formate dehydrogenase 
10 4.5 13 
84 114 103 
14 8.8 10 
H/S 
16 
66 
9 
21 
93 
12 
P/S 
8.1 
75 
16 
21 
88 
7.0 
. 
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Table 2. Hydrogenase and formate dehydrogenase activities in soluble fractions of S. fumaroxidans and fractionation of 
these activities on a ceramic hydroxy apatite column. The activities in separated peaks were calculated as units per mg 
protein loaded onto the column. Py, pyruvate; F, fiimarate; F/P, fumarate with propionate; F/Fo, fumarate with formate; F/H, 
fumarate with hydrogen; H/S, hydrogen with sulfate; P/S, propionate with sulfate. 
H2ase (U/mg) 
Peakl 
Peak 2 
peak 2A 
peak 2B 
peak 2C 
Peak 3 
Recovered (%) 
FDH (U/mg) 
Peakl 
Peak 2 
Peak 3 
Recovered (%) 
Phosphate 
(mM) 
10 
100 
200 
230 
400 
10 
210 
300 
Py 
15.7 
3.0 
12 
1.7 
13 
8.8 
0.50 
91 
101 
7.5 
69 
21 
90 
F 
6.6 
3.0 
0.94 
0.13 
0.81 
-
3.5 
111 
17.3 
1.0 
9.6 
5.5 
93 
F/P 
20.3 
14 
3.0 
0.58 
0.33 
2.1 
6.0 
111 
17.2 
2.6 
13 
3.3 
111 
F/Fo 
-
5.0 
1.7 
2.2 
0.22 
0.22 
1.8 
3.0 
137 
9.5 
0.58 
4.5 
1.2 
66 
F/H 
8.1 
0.92 
5.7 
0.38 
-
5.4 
0.64 
84 
20.4 
0.53 
14 
4.5 
85 
H/S 
11.8 
0.87 
13 
1.1 
0.73 
13 
0.83 
127 
16.9 
0.43 
9.9 
3.8 
83 
P/S 
6.6 
2.3 
1.4 
0.22 
-
1.2 
1.6 
79 
19.7 
0.92 
11 
4.0 
83 
present. Propionate was oxidized to acetate and the organism reduced sulfate completely to sulfide. 
Pyruvate was fermented to acetate and succinate. Hydrogenase and formate dehydrogenase activities 
were detected in all cell extracts of S. fumaroxidans grown with different substrates (Table 1). Cells 
grown on hydrogen plus sulfate, fumarate plus propionate and cells grown on pyruvate exhibited 
relatively high hydrogenase activities. Formate dehydrogenase activities were higher in cultures grown 
on propionate or hydrogen with sulfate and on pyruvate. For all growth conditions tested, the largest 
fraction of the hydrogenase as well as the formate dehydrogenase activity was recovered in the soluble 
fraction of the cells. The hydrogenase-fraction recovered in the membranes varied between 14% and 
33%, whereas the formate dehydrogenase fraction recovered in the membranes varied between 7 and 
15%. 
Separation of soluble hydrogenase and formate dehydrogenase 
Further fractionation of hydrogenase and formate dehydrogenase from the soluble fractions using a 
ceramic hydroxy apatite column yielded 3 separate formate dehydrogenase peaks and at least 3 
separate hydrogenase peaks (Table 2 & Figure 1). The second hydrogenase peak seemed to be 
composed of three distinct but not clearly separated peaks, which eluted between 100 and 230 mM 
sodium phosphate. The amount of hydrogenase and formate dehydrogenase recovered in each of these 
peaks showed a large variation with the different growth substrates. 
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Figure 1. Typical elution pattern of the & fumaroxidans soluble hydrogenase and formate dehydrogenase activities as 
separated on a ceramic hydroxy apatite column. Continuous line (A), formate dehydrogenase activity; dashed line (B), 
hydrogenase activity. 
Activity staining in native polyacrylamide gels 
Cell extracts, membranes and soluble fractions of the S. fumaroxidans cells grown with different 
substrates were separated on native polyacrylamide gels and then stained for hydrogenase and formate 
dehydrogenase activity (Figure 2 & 3). For a good separation of the proteins a detergent was required. 
For hydrogenase the best results were obtained with 2.5% triton in the samples, whereas deoxycholate 
and CHAPS were much less effective. We were not able to create conditions at which the formate 
dehydrogenases were clearly separated in distinct bands (Figure 3). The banding patterns for the 
formate dehydrogenases were however similar for all growth substrates tested. Analysis of 
hydrogenases and formate dehydrogenases in cell extracts, soluble fractions and membranes revealed 
the same bands indicating that either none of the enzymes is a membrane integrated protein or that 
such enzyme, if present, does not stain under these conditions. The intensities of the bands from the 
soluble fractions were for all proteins higher than of the corresponding bands in the membrane 
fractions. Thus, the S. fumaroxidans reductases are either loosely attached to the cytoplasmic 
membrane or soluble. Analysis of the proteins fractionated on ceramic hydroxy apatite revealed that 
the two upper hydrogenase-bands (a and P) correspond to the hydrogenase fraction that did not bind to 
this column, and that the other bands (y and 5) corresponded to the peaks which eluted between 100 
and 230 mM phosphate (Figure 4B). However, the two upper bands were also present in peak 2A. 
Several similar bands were detected in peaks 2A-C, possibly these bands represent one enzyme which 
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Figure 2. Activity staining of the hydrogenases of S. fumaroxidans in native polyacrylamide gels. A. Cell extracts. B. 
Membranes. Growth conditions: 1. Fumarate; 2. Propionate with fumarate; 3. Fumarate with formate; 4. Fumarate with 
hydrogen; 5. Hydrogen with sulfate; 6. Propionate with sulfate. 7. Pyruvate, a and 0 represent the hydrogenase activity in 
the fraction that does not bind to hydroxy apatite (hydl), y and 8 represent hydrogenase activity which elutes between 100 
and 230 mM phosphate (hyd2) from hydroxy apatite. 
sticks to other proteins. The hydrogenase which eluted in the third peak did not produce a clear band 
in native gels, and is most likely not visible in the staining profiles presented in Figure 2 (the 
concentration of this enzyme was much higher in the sample used for staining after separation on 
ceramic hydroxy apatite, Figure 4B). The upper band in the gel stained for formate dehydrogenase 
activity represents peak 2 from the column (210 mM phosphate), while the broad band represents peak 
3 (300 mM phosphate). The two lower bands in the gels were only observed when high amounts of 
protein were loaded onto the gel (Figure 4A). 
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Figure 3. Activity staining of the formate dehydrogenase,, cf ^ ^ ^ ^ ^ ^ ^ ^ 
of pyruvate-grown cells; 2. Cell extract of cells grown m f 5 ™ ^ * r * L .
 dehydrogenase peak which eluted at 300 mM 
4. Membranes of cells grown on propionate plus sulfate. A. The tuni icnu J
 from ^ ^ 
phosphate from ceramic hydroxy apatite produced the upper band in the gei, D. 
apatite (at 210 mM phosphate) produced the broad lower band in the gel. 
47 
Chapter 4 • " 
Localization ofhydrogenase and formate dehydrogenase activities 
The hydrogenase and formate dehydrogenase activities in S. fumaroxidans cells were localized 
using membrane impermeable viologen dyes. For this experiment we prepared fresh cultures on 
fumarate, fumarate with propionate and hydrogen with sulfate. The formate dehydrogenase activities in 
these cultures were higher than those measured in the other experiments (Table 3). Apparently the 
formate dehydrogenase activity still increased after 4 transfers on these substrates. The hydrogenase 
activities were comparable to those measured in the other experiments. The cells used for these 
experiments were analyzed for formate-hydrogen lyase activity as well (Table 3). This conversion was 
only catalyzed by whole cells and at a relatively low rate. We were not able to demonstrate this 
reaction in any of the cell fractions indicating that this reaction requires intact membranes. Benzyl 
viologen dependent hydrogenase and formate dehydrogenase activities were detected in whole cells. 
However, the activities measured in cell extracts were for both enzymes considerably higher. 
Remarkably the hydrogen production activities measured with whole cells at pH 7 comprised 50 % or 
more of the activities measured in cell extracts. However, hydrogenase may accept electrons directly 
from dithionite of which excess was present during these assays, while the membrane probably is not 
impermeable for this compound. To test whether the activities measured with whole cells were not due 
to cell lysis we centrifuged the cells grown on propionate plus fumarate and analyzed the activities in 
the supernatant. We used the cytoplasmic malate dehydrogenase activity as a control, assuming that 
this enzyme could not be measured with intact cells. Furthermore we treated cells with 0.1% CTAB to 
release cytoplasmic proteins. The formate dehydrogenase activity in whole cells was only 56% in 
CTAB-treated cells. However, only 5-7 % of the activity was recovered in cell extracts after treatment 
with CTAB. The separated formate dehydrogenases were also inhibited by CTAB, for both enzymes 
about 6% was recovered. The hydrogenase activity in whole cells was slightly increased (111 %) upon 
treatment with CTAB, but all hydrogenases except the one that did not bind to ceramic hydroxy apatite 
were completely inactivated by CTAB. 
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Figure 4. Activity staunng profiles of the formate dehydrogenases (A) and hydrogenases (B) of S. fumaroxidans grown on 
¥?Z A "^JeSTfa.ai * Ce rami° hy<3r0Xy a p a t i t e c o l u m a A - F o r m a t e dehydrogenase staining; 1. Soluble fraction; 2. 
H v * ™ C, « , \ ? t ^ I * m *** p h 0 S p h a t e ( F D H 1> ; 5 & 6- P e a k 3 a t 300 mM phosphate (FDH2) B. 
K ^ T t ^ l ^ Z 2- P e a k 2 A a t 1 0° " ^ p h o s p h a t e ; 3 - P e a k 2B at 200 mM phosphate; 4. Peak 2C at 230 
mM phosphate; 5. Peak 3 at 400 mM phosphate (Hyd3) 6. Unbound fraction (Hydl). Except for L unbound fraction, all 
samples from separated peaks were desalted and concentrated 10-20 times in 10 kDamicrocons 
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Table 3. Formate-hydrogen lyase (FHL), H2-evoIution, H2-uptake and formate dehydrogenase (FDH) activities and 
localization of these activities in S. jumaroxidans cells grown on different substrates. Formate-hydrogen lyase activity was 
measured by following the H2 produced from formate at pH 8, H2-uptake and FDH activities were measured with benzyl 
viologen at pH 8, H2-evolution activities were measured with methyl viologen at pH 7. The percentages were calculated 
from the activities measured in the crude extracts (100%). W, Whole cells; C, crude extract; M, membranes; S, soluble 
fraction. 
growth substrate: 
FHL 
H2-evolution 
H2-uptake 
FDH 
W 
W 
c 
M 
S 
W 
c 
M 
S 
W 
c 
M 
S 
fumarate 
U/mg 
0.062 
2.0 
3.2 
2.4 
4.2 
0.1 
5.5 
3.4 
8.8 
0.1 
25.3 
6.9 
29.8 
% 
63 
21 
94 
3 
17 
114 
0.5 
8 
85 
fumarate + 
propionate 
U/mg 
0.059 
2.9 
4.0 
1.7 
6.0 
0.4 
13.0 
4.5 
7.8 
0.4 
60.3 
16.4 
63.6 
% 
73 
16 
94 
3 
13 
37 
1 
10 
65 
H2 + sulfate 
U/mg 
0.027 
2.9 
6.4 
4.2 
6.5 
0.5 
12.2 
9.6 
12.5 
0.4 
15.7 
1.9 
23.3 
% 
46 
22 
68 
4 
26 
68 
3 
4 
99 
Interpretation of the combined results 
Purification studies (unpublished results) showed that in fumarate-grown cells 2 distinct formate 
dehydrogenases represent more than 90 % of the total benzyl viologen linked formate oxidation 
activity, whereas 2 distinct hydrogenases each represent about 50 % of the total benzyl viologen linked 
hydrogen oxidation activity. The purified formate dehydrogenases corresponded with peaks 2 and 3 
from the ceramic hydroxy apatite and they will be referred to as FDH1 and FDH2 respectively. The 
lower band represents FDH1 as well as the smear is observed in gels that were stained for formate 
oxidation activity, FDH2 represents the upper band. The hydrogenase, which eluted at 400 mM 
Phosphate from the ceramic hydroxy apatite column corresponded with a purified NiFe-hydrogenase, 
and will be referred to as Hyd3 in the further evaluation of the results. The other hydrogenase (Hydl) 
present in fumarate grown cells represented peak 1 from the ceramic hydroxy apatite column and 
produces the upper bands (a and P) in native gels stained for hydrogenase activity. The poss.ble other 
hydrogenases, which eluted between 100 and 230 mM phosphate from ceramic hydroxy apatite, will 
be referred to as Hyd2A, Hyd2B and Hyd2C corresponding to the phosphate concentrat.ons at which 
they eluted, 100,200 and 230 mM respectively. 
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Apparently, S. fumaroxidans induces two formate dehydrogenases independent of the growth 
substrates supplied. Purification studies revealed that the behavior of FDH1 may also explain the 
formate dehydrogenase fraction that did not bind to ceramic hydroxy apatite. Especially if anion-
exchange was used as an initial purification step, FDH1 tended not to bind to hydroxy apatite. Since 
the localization experiments suggested that the major part of the formate dehydrogenase activity is 
cytoplasmic, the low periplasmic FDH-activity would suggest the presence of a third enzyme. 
However, the formate dehydrogenase activity measured with whole cells could also be due to cell lysis, 
as a fraction (29%) of the activity was also detected in the supernatant of these cells after 
centrifugation. The cytoplasmic malate dehydrogenase was also detected in whole cells and the 
fraction of this activity in the supernatant of 16,000 x g was 29% as well. Thus, this fraction most 
likely represents the enzymes released in the buffer, while the other fraction of the activity measured 
with whole cells most likely represents cells with intact cell walls and disrupted (inner) membranes. 
Since only 11% of the hydrogenase was recovered in the supernatant of centrifuged cells, we assume 
that at least one of the hydrogenases is located in the periplasmic space. Though the formate 
dehydrogenase levels varied with different substrates, the ratio between the two enzyme-levels was 
similar for nearly all conditions tested. This may be an indication that both enzymes are regulated in 
the same way. We believe that one of the formate dehydrogenases is involved in C02-fixation via the 
(reversible) acetyl-CoA pathway, while the other is involved in the removal of excess reducing 
equivalents via formate. Possibly both enzymes use the same electron donor to reduce C02 
The situation seems to be more complicated for the hydrogenases of S. fumaroxidans. From 
purification results we concluded that there are at least two distinct hydrogenases present in S. 
fumaroxidans. One of these, a NiFe-hydrogenase which has been purified and characterized, could 
easily be distinguished from other hydrogenases in S. fumaroxidans as it bound very tightly to ceramic 
hydroxy apatite and eluted together with only very few contaminants (purification was nearly 100-fold 
using this particular material). This enzyme was induced by S. fumaroxidans on all substrates tested, 
ftough the bghest enzyme level measured in cells grown on propionate plus fumarate was more than 
I (Mold higher than the level in pyruvate-grown cells (Table 2) 
s „ ^ t 3 t V i t y S t a l n i n S e ; P e r ! m e n t ' " W h k h WC US6d 1 5 % * * » X " 1 0 0 *> kara te proteins, strongly 
To™ toTr 7 " °r f0Ur ^ ^ h ^ « Thus, S. fumaroxidans may 
E Z ^ ^ ° g e t n a S e S T U m e ^ n ° n e ° f ^ b3nds - P ™ W and all separated 
as th 3 obsef dT e T ? A rV e r ' ^ ^ UPPCT ^  ™* rePresen"°- enzyme as well as the bands observed for peaks 2  B and C a« anm™nti„ „*i. . • . 
tu u J F ^ ^ o d n a K,, as apparently other proteins determined the nositions of these hydrogenases in the gels. We tried to distinguish H;fW„f u A CI™nea me positions 01 
• i j w • „ distinguish different hydrogenases by measuring the ratio of 
uptake and evolution activity for the separated Beaks All « « * * A U A m c d ! > u r mg m e m u o ° 
not bind to ceramic hydroxy apatite c L l w e d both h H ' I h y d r ° « - f r a c t i ° n ' which did 
violoeen dves The H ™ L I I T Y B™ ° X l d a t i o n a n d e v o l u t i o n a c t i v i ty w i t h 
^ J Z ^ t ^ t T 7 I' hydr°genase(s) i n P-ks 2A, B and C could not be 
s ^ r ^ ^ s s r i r s ^ of;he activity in the H2-evoiution asays-
^^-*^^£^izz^these observations we 
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Cytoplasm Periplasm 
propionate 
i r 
succinate 
fumarate + 2H+ < 
malate 
C Fd (ox) < « - N ^ — NAD+ «*->! Fd (red) — A ^ NADH - A 
oxaloacetate 
pyruvate 
C Fd (ox) <*-^ Fd (red) '' 
acetate 
Figure 5. Pathway of syntrophic propionate oxidation in Syntrophobacter jumarondans. Electrons released during the 
oxidation-steps of malate and pyruvate are coupled to proton and C02 reduction, presumably y» fcnedoxm. The 
cytoplasmic hydrogenases and formate dehydrogenases are not all necessanly membrane assocmwd. A periplasm* 
hydrogenase drivesfee energetically unfavorable oxidation of succinate, which requtres ATP-dnven proton tmrtsport across 
the cytoplasmic membrane. M, Inner Membrane; FRD, Fumaiate reductase (suconate dehydrogenase); Fd, Ferredoxm. 
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Conclusions 
In the hydrogen and formate metabolism of S. fumaroxidans 2 formate dehydrogenases and at least 
three distinct hydrogenases are involved. Most likely one of the hydrogenases is periplasmic whereas 
the other reductases are cytoplasmic. All of the enzymes studied are loosely membrane-associated 
proteins rather than membrane integrated proteins. Furthermore these enzymes were induced 
independently of the growth substrate tested, and are therefore presumed to have a central role in the 
metabolism of S. fumaroxidans. Formate-hydrogen lyase activity is a membrane-associated process 
involving a membrane associated hydrogenase(s) and formate dehydrogenase(s). The formate 
dehydrogenases are most likely regulated at the same level whereas each of the hydrogenases is 
regulated independently. The localization of the formate dehydrogenases and the hydrogenases 
suggests that protons and CO2 are reduced in the cytoplasm during propionate oxidation. The hydrogen 
and formate concentrations are kept low using the other reductases coupled to the reduction of either 
fumarate, pyruvate or sulfate in axenic cultures while methanogens keep this concentration low during 
syntrophic propionate oxidation. 
The study on the purification and characterization of the formate dehydrogenases revealed that both 
enzymes are C02-reductases rather than formate dehydrogenases (de Bok et ah, unpublished results). 
This strongly suggests that also formate plays an important role in syntrophic propionate-oxidizing 
cultures. An enzyme localization study with a syntrophic butyrate oxidizing bacterium, Syntophospora 
bryantii, showed that C02 is reduced in the periplasm of this organism (Dong & Stams, 1995). Most 
likely this reduction is coupled to the energetically unfavorable oxidation of butyryl-CoA in this 
organism. In Wolinella succinogenes fumarate reduction is coupled to periplasmic C02 or proton 
reduction (Kroger et al9 1992). It was hypothesized that a similar electron transport chain drives the 
energetically unfavorable oxidation of succinate to fumarate in S. fumaroxidans (van Kuijk et ah, 
1998). If this conversion is driven by reversed electron transport in this organism, our findings suggest 
that a periplasmic hydrogenase serves as the electron sink for this reaction. The results of our 
experiments and those of previous studies (van Kuijk et al91998) are summarized in Figure 5. Further 
research is needed to elucidate the exact electron flow during syntrophic propionate oxidation. If 
syntrophic propionate-oxidizing bacteria reduce C02 to transfer reducing equivalents to methanogens, 
a likely location of one of the formate dehydrogenases would be the periplasm. Therefore it would be 
particularly interesting to study the localization of each of the enzymes involved in the mechanism of 
interspecies electron transfer. 
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Biochemical evidence for formate transfer in 
syntrophic propionate-oxidizing co-cultures of 
Syntrophobacter fumaroxidans and Methanospirillum hungatei 
Frank AM. de Bok, Maurice L.G.C. Luijten and Alfons J.M. Stams 
I he hydrogenase and formate dehydrogenase levels of Syntrophobacter fumaroxidans and 
Methanospirillum hungatei were studied in syntrophic propionate-oxidizing cultures and 
compared to the levels in axenic cultures of both organisms. Cells grown syntrophically were separated 
from each other by percoll gradient centrirugation. In S. fumaroxidans both formate dehydrogenase and 
hydrogenase levels were highest in cells which were grown syntrophically, while the fortnate-Ife lyase 
activities were comparable under the conditions tested. In M. hungatei the formate dehydrogenase and 
iormate-H2 lyase levels were highest in cells grown syntrophically, while the hydrogenase levels of 
syntrophically grown cells were comparable to those of cells grown on formate. Reconstituted 
syntrophic cultures from axenic cultures immediately resumed syntrophic growth, and the calculated 
growth rates of these cultures were highest for cells which were inoculated from axenic S. 
fumaroxidans cultures with high formate dehydrogenase activities. The results suggest that formate is 
the preferred electron carrier in syntrophic propionate-oxidizing co-cultures of S. fumaroxidans and M. 
hungatei. 
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Introduction 
Methanogenic decomposition of complex organic matter is a widespread process which accounts 
for a large fraction of the global methane emission (Houghton et al, 1995). Examples of natural 
methanogenic habitats are freshwater environments such as wetlands, sediments and rice paddy fields 
as well as intestinal tracts of higher animals and insects (Bryant, 1977; Oremland, 1988; Boone, 1991; 
Crill et al, 1991; Stams, 1994). Methanogenic processes can be applied to treat industrial wastewaters 
in high-rate anoxic bioreactors (Iza, 1991; Lettinga and Hulshoff-Pol, 1991; Young, 1991). The 
microorganisms involved in methanogenic decomposition are usually immobilized in granular 
aggregates or biofilms which is essential for a high conversion rate (Schink and Thauer, 1988), and 
prevents biomass to be washed out of the reactor. 
The amount of energy available in methanogenic conversions is only small, and therefore the 
microorganisms involved are forced to cooperate syntrophically (Schink, 1997). In particular, 
oxidation of intermediary reduced organic compounds such as ethanol, butyrate and propionate, is 
energetically unfavorable. Nevertheless, the methanogens involved keep the concentrations of the 
oxidation-products, acetate and H2 (or formate), low enough to create a situation in which all partners 
involved gain energy. To dispose of reducing equivalents acetogens reduce protons or bicarbonate; 
Both H2 and formate have been proposed as interspecies electron carriers (Thiele and Zeikus, 1988; 
Boone et al, 1989; Stams, 1994). 
The syntrophic propionate-oxidizing bacterium Syntrophobacter fumaroxidans is one of the 
Syntrophobacter subspecies in the 5-subdivision of the proteobacteria (Harmsen et al, 1998). This 
organism oxidizes propionate in suspended co-cultures with methanogens that utilize both H2 and 
formate, and not with Methanobrevibacter strains which only utilize H2 (Dong et al, 1994). It has been 
demonstrated that S. fumaroxidans is able to produce both H2 and formate during propionate oxidation, 
and the organism possesses both hydrogenase and formate dehydrogenase activity (Dong, 1994; Dong 
and Stams, 1995; van Kuijk et al, 1998). We studied the levels of hydrogenase and formate 
dehydrogenase in propionate-grown co-cultures of S. fumaroxidans and Methanospirillum hungatei, as 
well as in axenic cultures of both organisms. Our results suggest that besides hydrogenases, formate 
dehydrogenases play important role during syntrophic propionate oxidation. 
Materials and Methods 
Organisms and cultivation 
Methanospirillum hungatei JF1T (DSMZ 864) was obtained from the Deutsche Sammlung von 
Mikroorganismen und Zellkulturen (DSMZ) in Braunschweig, Germany. Syntophobacter 
fumaroxidans (DSMZ 10017) and M hungatei were grown at 37°C in mineral bicarbonate-buffered 
medium as described before (Stams et al, 1993). However, no yeast extract was added and the 
medium contained 0.5 mg EDTA per liter. M hungatei was cultured routinely with H2 (1.7 bar 
H2/CO2, 80:20) or formate (30 mM) as substrates, in media amended with 1 mM acetate and 1 mM 
cystein. 5. fumaroxidans was cultured routinely with (concentrations in mM between brackets) 
fumarate (20), fumarate plus propionate (30/10), fumarate (20) plus H2, fumarate plus formate (20/20), 
propionate plus sulfate (20/15), H2 (1.7 bar H2/C02, 80:20) plus sulfate (20) or pyruvate (20). 
Syntrophic co-cultures were cultured routinely on 30 mM propionate. For reconstitution of syntrophic 
growth from axenic cultures, S. fumaroxidans was transferred (5-10 % inoculum) into M hungatei 
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cultures grown on H2 and C02. The gas phase above these cultures was changed with N2/C02 prior to 
inoculation of S. fumaroxidans and addition of 30 mM propionate. For mass cultivation, substrate 
adapted cultures (10 transfers or more) were transferred to 3-1 serum bottles containing 1.5 1 medium. 
To follow the H2-concentration during syntrophic growth with propionate, cells from a 1.5 1 culture in 
the late log-phase were collected and inoculated in two 117-mi serum flasks containing 50 ml freshly 
prepared medium each. The flasks were flushed with N2/C02 to remove residual H2 and CH*, leaving 
1.5 bar N2/C02 as the final head space. The vials were incubated in a shaker at 30°C and after 100 
minutes 20 mM propionate was added. Acetate, H2 and propionate were followed in time by 
withdrawing samples from the culture at time intervals of 30 min. The amount of CH4 produced was 
determined at the end of the experiment. 
Preparation of cell extracts 
Centrifugation steps were carried out in airtight closed tubes, all other procedures were carried out 
under strict anoxic conditions in a glove box with N2/H2 (96:4; v/v) as gas phase. Traces of oxygen 
were removed by circulating the gas phase over a platinum catalyst column. Cells were collected in a 
late exponential phase by centrifugation at 16,000 x g at 4°C. The cells were washed twice by 
resuspending the cell-pellets obtained after centrifugation in 50 mM Tris-HCl pH 8 containing 100 uM 
sodium dithionite. Cells were disrupted by sonication. Cell debris was removed by centrifugation at 
16,000 xg. 
Percoll gradient centrifugation 
Cells from a syntrophic culture on propionate were resuspended in 50 mM sodium phosphate pH 
7.5 containing 75% percoll (v/v) and 100 uM sodium dithionite. The cells were separated by 
generating a percoll gradient in airtight centrifuge tubes ( 3 x 9 ml) at 30,000 x g and 4°C for 30 
minutes. The separated layers containing the Syntrophobacter cells and Meihanospirillum cells 
respectively were collected from each tube and washed twice with 10 mM sodium phosphate pH 7.5 
and 100 uM sodium dithionite. The number of contaminating cells in each layer was less than 1% as 
estimated by phase-contrast microscopy. Although additional percoll gradients hardly improved the 
separation, all the cells used for further experiments had been applied to percoll gradient centrifugation 
twice. 
Enzyme activities 
Enzyme activities were routinely measured at 37°C in N2-flushed 1-ml cuvettes closed with butyl-
rubber stoppers. One unit of enzyme is defined as the amount of enzyme catalyzing the oxidation or 
production of 1 umol H2 or formate per min. Benzyl viologen dependent formate and H2 oxidation 
rates were recorded at 578 nm in 50 mM Tris-HCl pH 8 (e = 8.65 mM'1 cm"1 for the semiquinone). 
F420-dependent formate and H2 oxidation rates were recorded at 420 nm in 50 mM Tris-HCl pH 8, 
containing 2.5 mM glutathione and 0.16 mM coenzyme F42o (e = 42.5 mM"1 cm"1). Methylmalonyl-
CoA:Pyruvate transcarboxylase was measured indirectly in 50 mM sodium phosphate pH 7 by 
following the NADH-dependent reduction of oxaloacetate at 340 nm (e = 6.22 mM" cm'). The 
mixture contained 0.3 mM NADH, 10 mM pyruvate, 0.2 mM methyl-malonyl-CoA, 2.5 mM and 5 jig 
malate dehydrogenase from pig heart (Boehringer Mannheim, Germany). H2 production rates were 
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measured in 35-ml serum flasks containing 2 ml 100 mM, 10 mM methyl viologen and 100 mM 
sodium dithionite. After 15 minutes incubation at 37°C, the reaction was initiated by addition of 10-
100 jul sample. Formate-H2 lyase activity was measured at 37°C in 35-ml serum flasks containing 5 ml 
50 mM Tris-HCl pH 8, 200 uM sodium dithionite and 10-100 \il sample. The reaction was started by 
addition of 20 mM sodium formate. H2 production was followed by withdrawing 0.5 ml samples in 
time and analyzed by gas chromatography. Protein was determined with a Bio-Rad DC protein assay 
with bovine serum albumin as a standard. To determine the protein content of whole cells, protein was 
extracted by boiling for 15 minutes in 1 M NaOH. 
Analytical methods 
Organic acids were measured with a Spectrasystem HPLC system equipped with an autosampler 
and refractomonitor. The acids were separated on a Polyspher OAHY column (30 cm by 6.5 mm, 
Merck, Germany) in 0.01 N H2SO4 at a flow rate of 0.6 ml/min and a column temperature of 60°C. 
The acids eluting from the column were quantified by differential refractometry. Hydrogen and 
methane were measured gaschromatographically with a Packard-Becker 417 gas chromatograph 
equipped with a thermal conductivity detector and molecular sieve 13X (60/80 mesh). The column 
temperature was 50°C, and the carrier gas was argon at a flow rate of 30 ml/min. To analyze H2 in the 
nanomolar range (reconstitution experiment) a RGA3 Reduction gas analyzer (Trace analytic, USA) 
was used. The system was equipped with a 60/80 Unibeads pre-column and a 60/80 molecular sieve 
5A column. The reduction gas detector had a detector- and column temperature of 265°C and 105°C, 
respectively. The loop size was 1 ml. The carrier gas was N2 with a flow rate of 20 ml/min. 
C3 
<N 
ffi 
0 
5 mM BrES 
\ 
100 200 300 
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Figure 1. Hydrogen partial pressure (Pa) during syntrophic growth of Syntrophohacter fumaroxidans and Methanospirillum 
hungatei on propionate. Within the 300 minutes the Impartial pressure was recorded after addition of propionate, 1.8 and 
1.1 mM propionate were oxidized to acetate and CH, (stoichiometrically) in batches 1 and 2 respectively. Methanogenesis 
wasinhibitedbyadditionof5mMBrESinbatch 1 att = 340min. Symbols:-^-batch 1 —A—batch2 
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Results 
Growth ofSyntrophobacterfumaroxidans 
S. fumaroxidans was cultured on pyruvate, fumarate and on combinations of H2, formate or 
propionate with fumarate or sulfate as electron acceptors. The organism converted these substrates as 
described in previous studies (van Kuijk et al., 1998; Stams et al, 1993). However, cells grown on 
fumarate also produced small amounts (1-3 mM) of acetate. Propionate was stoichiometrically 
oxidized to acetate, while fumarate was stoichiometrically reduced to succinate when H2, formate or 
propionate were present as electron donors. 
Fermentation of pyruvate was usually incomplete and in these cultures several unidentified 
compounds were detected. H2 and formate could not be detected (H2 < 0.1 uM; formate < 100 uM) 
during growth on most of the substrates tested. However in the mid log phase of the culture grown on 
fumarate plus formate, a small amount of H2 (appr. 450 Pa; 3.4 uM) was detected in the headspace 
while at the end of the log-phase formate was detected in the cultures grown on H2 plus fumarate and 
H2 plus sulfate (7.3 and 0.8 mM respectively). When subsequently transferred from the logarithmic 
phase into fresh medium (5% inoculum), the organism converted all substrates (or combinations) 
within 3 weeks. In the syntrophic cultures with M. hungatei on propionate, the cells tended to 
aggregate in the late log-phase, but most of the cells were suspended. No floes were observed 
microscopically indicating that the microbial aggregates were very weak and disrupted as soon as 
samples were withdrawn from the cultures. In the resuspended syntrophic coculrures the H2-
concentrations (at 30°C) decreased to 2.7 and 2.5 Pa respectively during syntrophic growth, which 
corresponds to soluble concentrations of approximately 21 and 19 nM (Figure 1). Addition of 5 mM 
BrES in one of the batches resulted in a small increase of the H2 partial pressure to 3.2 Pa (25 nM) 
within 1 hour. 
Percoll gradient centrifugation 
1.5 g cells collected from 4.5 1 syntrophic coculture grown on propionate were successfully 
separated by percoll gradient centrifugation. Good separations were obtained with up to 0.5 g wet cells 
per 9-ml percoll gradient (Figure 2). For all further experiments we used cells which had been applied 
to percoll gradient centrifugation twice. The amount of contaminating protein in cell extracts of these 
cells was determined by measuring F420-dependent hydrogenase and formate dehydrogenase activity in 
S. fumaroxidans cell extracts, and methyl-malonyl-CoA:pyruvate transcarboxylase activity in M. 
hungatei cell extracts (Table 1). We could not detect F420-dependent activities in cell extracts of S. 
fumaroxidans grown axenically on fumarate, while methyl-malonyl-CoA:pyruvate transcarboxylase 
could not be detected in cell extracts of an axenic M. hungatei culture grown on H2 plus C02. 
Hydrogenase and formate dehydrogenase activities in S. fumaroxidans andM. hungatei 
Both hydrogenase and formate dehydrogenase activities were detected in all S. fumaroxidans cell 
extracts analyzed (Table 2). For both enzymes, highest activities were detected in syntrophically grown 
cells. Only intact S. fumaroxidans cells catalyzed the interconversion of formate to H2 and C02 
(formate-hydrogen lyase). These activities were not related to the levels of the individual hydrogenase 
and formate dehydrogenase activities measured in cell extracts (Table 2). 
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S. fumaroxidans 
M. hungatei 
Figure 2. Separation of 0.5 g cells from a syntrophic culture of Syntrophobctcter fumaroxidans and Methanospirillum 
hungatei in a 9-ml percoll gradient S. fumaroxidans and M. hungatei cells were recovered in the upper and lower layer 
respectively. 
Viologen-dependent as well as F42trdependent hydrogenase and formate dehydrogenase activities 
were detected in all cell extracts of M hungatei tested (Table 3). The formate dehydrogenase activities 
in syntrophically grown cells were considerably higher than in cells grown axenically with an excess 
H2 or formate. The hydrogenase activities in syntrophically grown cells were not higher than in cells 
grown on formate, though these activities were twofold higher than in cells grown on H2. The formate-
H2 lyase activity in syntrophically grown M. hungatei cells was 5-foid higher than in cells grown on 
either H2/CO2 or on formate. 
Table 1. Activities of enzymes specific for either S. fumaroxidans or M. hungatei in cell extracts of cells separated by 
percoll gradient centrifugation. 
Activities (U/mg) 
S. fumaroxidans M. hungatei 
F42o-dependent hydrogenase 0.017 3.1 
F42o-dependent formate dehydrogenase 0.016 2.2 
Methylmalonyl-CoA pyruvate transcarboxylase 0.29 0.002 
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Table 2. Hydrogenase and formate dehydrogenase specific activities (U/mg) in cell extracts of S. Jumaroxidans and formate-
H2 lyase (FHL) activities in intact S. Jumaroxidans cells. Syntrophically-grown S. Jumaroxidans cells were separated from 
M. hungatei cells by percoll gradient centrifugation. FDH, formate dehydrogenase; H2ase, hydrogenase; n.d. not determined. 
Formate-H2 lyase and benzyl viologen dependent oxidation activities were measured at 37°C and pH 8. Methyl viologen 
mediated H2 production with dithionite as electron donor was measured at 37°C and pH 7. 
Propionate 
Propionate/fumarate 
Propionate/sulfate 
H^sulfate 
Fumarate/formate 
Fumarate/tfc 
Fumarate 
Pyruvate 
198 
60 
31 
16 
5.4 
6.9 
25 
103 
FDH H2ase FHL-cells 
(U/mg) (U/mg) (U/mg) 
28 0,037 
16 0.059 
11 n.d. 
12 0.027 
7.2 n.d. 
3.5 n.d. 
5.5 0.062 
32 n.d. 
Reconstitution ofsyntrophic growth from axenic cultures 
Axenic cultures of S. fumaroxidans adapted (10 transfers or more) to growth on one of the seven 
different growth substrates were inoculated in fresh M hungatei cultures which were pregrown on H2 
and C02, together with 30 mM propionate. A lag phase was only observed for fumarate-grown cells 
and cells grown on hydrogen plus sulfate, all other reconstituted cultures immediately resumed 
syntrophic growth. Highest growth rates were measured in the cultures which were reconstituted from 
cells grown on propionate (syntrophically with M hungatei), propionate plus fumarate, propionate plus 
sulfate and on pyruvate. The growth rates of these cultures as estimated from the CH4 production rates 
were between 0.18 and 0.23 day"1. 
Discussion 
To study the hydrogenase and formate dehydrogenase levels in Syntrophobacter fumaroxidans and 
Methanospirillum hungatei grown in co-culture, the individual organisms needed to be either separated 
or lysed selectively. Though selective lysis of one of the two co-cultured organisms has been proven 
successful in previous studies (Wofford et al, 1986; Kiener et al, 1987; Hattori et al, 2001), all our 
attempts to lyse one of the organisms specifically failed (data not shown). Percoll gradient 
centrifugation has also been used successfully to separate co-cultured organisms. Syntrophomonas 
wolfei was separated from M hungatei after syntrophic growth on butyrate, resulting in a 70- to 80-
fold enrichment of S. wolfei (Beaty et al., 1987). Unfortunately, these authors did not provide 
information on the hydrogenase and formate dehydrogenase levels of these organisms. In our study we 
used percoll gradient centrifugation to separate S. fumaroxidans from M. hungatei. Both organisms 
were enriched approximately 150-fold after two percoll gradients, enabling measurement of enzymes 
specific for either one of the separated organisms. A 9-ml gradient was sufficient to separate up to 0.5 
g wet cells. 
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Table 3. Hydrogenase and formate dehydrogenase specific activities (U/mg) in cell extracts of M. hungatei grown 
syntrophically and in cell extracts of cells grown axenically with H2 or formate as electron donor. Syntrophically-grown M. 
hungatei cells were separated from S. fumaroxidans cells by percoll gradient centrifugation. FDH, formate dehydrogenase; 
H2ase, hydrogenase; BV, benzyl viologen; F42o, methanogenic cofactor. Formate-H2 lyase and oxidation activities were 
measured at 37°C and pH 8. Methyl viologen mediated H2 production with dithionite as electron donor was measured at 
37°CandpH7. 
BV-dependentFDH 
F42o-dependent FDH 
BV-dependent H2ase 
F42o-dependent H2ase 
Hiase (Fk-evolution) 
Formate-H lyase 
synt 
Substrate dependent specific 
rophically 
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2.2 
6.0 
3.1 
9.1 
2.6 
(U/mg) 
H2 
4.6 
0.075 
2.5 
2.0 
3.6 
0.52 
activities 
formate 
17 
0.35 
6.5 
3.3 
9.6 
0.56 
S, fumaroxidans oxidizes propionate in suspended co-cultures with methanogens which utilize both 
H2 and formate, and not with Methanobrevibacter strains which only utilize H2 (Dong et ah, 1994). To 
our knowledge none of the other mesophilic syntrophic propionate oxidizing bacteria described so far 
is able to grow with methanogens that only utilize H2. Both H2 and formate have been proposed as 
electron carriers in syntrophic degradation. Several studies provided evidence for H2-transfer by 
demonstrating syntrophic growth with methanogens which only oxidize hydrogen. Schmidt and 
Ahring (1995) studied interspecies electron transfer in granules from a mesophilic anaerobic sludge 
bed reactor, and concluded that formate transfer was not important during propionate and butyrate 
oxidation in this system. On the other hand, Thiele and Zeikus (1988) showed that interspecies formate 
transfer was the dominant mechanism in a whey processing digester as well as in floes which primarily 
contained Desulfovibrio vulgaris and Methanobacterium formicicum. Boone et ah (1989) calculated 
that in syntrophic propionate and butyrate oxidizing cultures only formate could account for the 
measured methanogenic rates. Possibly H2-transfer becomes more important with shorter interbacterial 
distances while formate transfer is more favorable in suspended cultures (Stams, 1994). 
In syntrophic cocultures both £ fumaroxidans and M. hungatei exhibited higher levels of formate 
dehydrogenase as compared to cultures grown axenically. In addition, S. fumaroxidans exhibited 
higher hydrogenase levels as well when grown syntrophically, while the hydrogenase levels in M. 
hungatei were comparable to those of the cells grown axenically on formate. The two distinct formate 
dehydrogenases which were purified from S. fumaroxidans (unpublished results), both catalyze CO2-
reduction at relatively high rates. Apparently, the extremely high formate dehydrogenase levels in S. 
fumaroxidans during syntrophic growth reflect the necessity to dispose of reducing equivalents via 
C02-reduction. On the other hand, during syntrophic growth the hydrogenase levels were higher as 
well suggesting that proton reduction also does occur. 
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However, if H2 is transferred between the two organisms we had expected increased levels of 
hydrogenase in M. hungatei as well These levels were indeed higher than in cells grown axenically on 
H2, but they were similar to the hydrogenase levels in cells grown on formate. Remarkably, the H2-
evolution activity in M. hungatei cells grown syntrophically or on formate was about 2.5-fold higher 
than in cells grown on H2, while the H2-uptake activity was only around 1.5-fold higher. This may 
suggest the involvement of a H2 evolving enzyme in M. hungatei during growth on formate. The 
formate-hydrogen lyase activity in M hungatei was also highest in cells which were grown 
syntrophically. In another hydrogenotrophic methanogen, Methanobacterium formicicum, formate is 
cleaved to H2 and HCO3" and subsequently converted to methane (Wu et ah, 1993). Formate-H2 lyase 
activity in this organism could be reconstituted with F42o-reducing hydrogenase, F42o-formate 
dehydrogenase and coenzyme F420 (Baron and Ferry, 19S9). The higher formate-H2 lyase activities in 
M. hungatei seemed not to be associated to the levels of the individual reductases during syntrophic 
growth (Table 3), and therefore this organism may have produced higher levels of coenzyme F420 
during syntrophic growth. If we assume that M. hungatei also cleaves formate to H2 and HCO3" during 
growth on formate, the measured enzyme levels strongly suggest that formate is also the substrate for 
M. hungatei during syntrophic growth. Thus, the hydrogenase and formate dehydrogenase levels of 
both organisms strongly suggest that formate transfer is the more important mechanism is syntrophic 
co-cultures of S. fumaroxidans andM hungatei. 
Additional evidence for this conclusion was provided by reconstitution of syntrophic cultures from 
axenic cultures. The highest conversion rates were observed in the cocultures reconstituted from cells 
with the highest formate dehydrogenase actvities (Table 2). Remarkably, most of the reconstituted 
cultures immediately resumed syntrophic growth indicating that S. fumaroxidans constitutively 
expressed the enzymes required. This observation emphasizes that this organism is specialized in 
propionate oxidation in its microbial niche, and that all the substrates utilized in pure culture are 
'artificial substrates'. 
The measured H2 level during syntrophic growth also provided evidence that formate transfer is the 
more important mechanism. The measured H2-concentrations were within the range of the threshold 
values reported for M. hungatei (Cord-Ruwisch et al., 1988). Upon addition of bromoethane sulfonic 
acid (BrES) the H2 partial pressure hardly increased. A theoretical H2-flux can be calculated with 
Fick's diffusion equation using a H2-concentration of 21 nM at the surface of M. hungatei and 52 nM 
at the surface of S, fumaroxidans (Dong and Stams, 1995) and specific parameters presented 
previously (Dong and Stams, 1995; Schink and Thauer, 1988). Using 2.5 108 cells ml'1 (counted with a 
Btirker-Turk counting chamber) and an average diffusion distance of 10 urn, a H2-flux of 2.5 nmol ml" 
min"1 was calculated while the acetate production rate would correspond to a H2-production rate of 
18.6 nmol ml"1 min"1. If we used a H2 partial pressure of 3.2 Pa, which we measured upon addition of 
BrES, the theoretical H2-flux was even much lower; 0.3 nmol ml-1 min"1. Though we did not account 
for the fact that some floc-formation was observed in our experiments, these calculations support our 
data that formate is a more important mechanism of electron transfer during syntrophic growth of S. 
fumaroxidans and M. hungatei on propionate. 
All the experimental data obtained in previous and this study with syntrophic propionate- oxidizing 
co-cultures of S. fumaroxidans and M. hungatei provide evidence that formate transfer is more 
important than hydrogen transfer, while no evidence is obtained for exclusive hydrogen transfer. 
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Isolation and characterization of a [NiFe]-hydrogenase 
from the syntrophic propionate-oxidizing bacterium 
Synfrophobacter fuwaroxidans 
Frank A.M. de Bok, Kathrin Fritsche, Pedro J. Silva, Peter-Leon Hagedoorn, Wilfred R. Hagen, 
Antoon D.L. Akkermans, Willem M. de Vos and Alfons J.M. Stams 
A [NiFe]-hydrogenase was isolated from the syntrophic propionate-oxidizing bacterium Synfrophobacter fumaroxidans. The dimeric enzyme has a molecular mass of 84 kDa, is 
comprised of a large (55 kDa) and a small subunit (29 kDa), and contains 1 nickel and 12 iron atoms 
per molecule. Maximal H2 uptake and H2 evolution rates measured for the 280-fold purified enzyme 
were 1,600 and 350 umol H2 mg1 min1, respectively. EPR spectroscopy revealed signals originating 
from the Ni-Fe center, [4Fe-4S] and [3Fe-4S] clusters which are similar to those found for most 
[NiFe]-hydrogenases. Conserved iron-sulfur binding motifs in the hydrogenase encoding gene 
confirmed the presence of two [4Fe-4S] clusters and one [3Fe-4S] cluster. A twin-arginine motif in the 
precursor of the enzyme suggests a periplasmic localization of the enzyme, and a function in terminal 
reduction of protons during syntrophic propionate oxidation. 
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Introduction 
Under methanogenic conditions propionate is oxidized to acetate, CO2, H2 and formate, by 
acetogenic bacteria that live in syntrophic association with methanogens (Zehnder, 1978; Boone, 1984; 
Mah et al, 1988). Propionate oxidation is thermodynamically unfavorable under standard conditions 
(AG0' = +76 kJ/mol). Therefore, the bacteria that grow by this conversion, are highly dependent on 
efficient removal of the products by methanogenic archaea (Stams, 1994; Schink, 1997) 
To date several syntrophic propionate-oxidizing bacteria have been isolated and described (Boone 
and Bryant, 1980; Wu et al, 1992; Wallrabenstein et al, 1994; 1995; Harmsen et al 1998; Zellner et 
al, 1996; Liu et al 1999; Imachi et al, 2000; Plugge et al, 2001). Four of these strains form the 
Syntrophobacter-clustQT within the delta subdivision of the proteobacteria (Harmsen et al, 1993; 
1995). This phylogenetic position revealed their ability to couple propionate oxidation to sulfate 
reduction (Wallrabenstein et al, 1994; 1995; van Kuijk et al, 1995). A few catabolic substrates (e.g. 
pyruvate and rumarate) have been described to support axenic growth of these organisms (Stams et al 
1993; Wallrabenstein et al, 1994; 1995; van Kuijk et al, 1995; 1998; Liu et al, 1999). 
Both H2 and formate have been proposed as electron carriers between acetogens and methanogens. 
In some studies it was demonstrated that H2 transfer is the most important mechanism (Grotenhuis et 
al, 1991; Schmidt and Ahring, 1995). However, in other studies formate transfer was considered to be 
the most important mechanism (Thiele and Zeikus, 1988; Boone et al, 1989; Dong and Stams, 1995; 
Stams and Dong, 1995). Since H2 transfer is highly favored by shorter interbacterial distances (Schink, 
1992; Stams 1994), this is probably the most important mechanism employed by these organisms when 
grown in close contact with methanogens. Therefore, hydrogenases are thought to be crucial in 
syntrophic interactions. 
Hydrogenases can be classified into three phylogenetically distinct groups, the [Fe]-hydrogenases, 
the [NiFe]-hydrogenases and the metal-free hydrogenases. Almost all hydrogenases that have been 
characterized so far belong to the first two classes (Vignais et al, 2001). Besides the differences in 
metal content, Fe-only hydrogenases are usually more active than [NiFe]-hydrogenases, but they have 
a higher Km for H2 (Albracht, 1994). Some Desulfovibrio species possess a [NiFe]-hydrogenase which 
contains selenium as well (Voordouw et al, 1990), but phylogenetically these are not distinct from the 
other Ni-containing hydrogenases. Odom and Peck (1981a) have presented a model that explains how 
sulfate-reducing bacteria conserve energy using a [Fe]-, a [NiFe]- and a [NiFeSej-hydrogenase. 
However, for some Desulfovibrio species it was shown that a single [NiFe]-hydrogenase is involved in 
both H2 uptake and H2 production (Hatchikian et al, 1995). 
Hydrogenase activity has been detected in cell-free extracts of the syntrophic propionate-oxidizing 
bacterium Syntrophobacter fumaroxidans (Dong, 1994; van Kuijk et al, 1998). However, to assess a 
possible role for one or more hydrogenases in interspecies H2-transfer, the enzymes need to be studied 
in more detail. Up to now it is not known whether terminal proton reduction in syntrophic bacteria is 
associated with a particular type of hydrogenase. The aim of this research is to study the biochemical 
properties and localization of the hydrogenases present in Syntrophobacter fumaroxidans, and their 
involvement in interspecies H2-transfer. 
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Materials and Methods 
Organism and cultivation 
Syntophobacter fumaroxidans (DSM 10017) was grown at 37°C in mineral medium as described 
before (Stams et al, 1993). However, no yeast extract was added and the acidic trace element solution 
contained 0.5 g EDTA per liter. For mass cultivation the organism was grown in 25-1 carboys 
containing 201 of medium with 20 mM fumarate as the substrate. 
Preparation of cell fractions and enzyme purification 
Cells were harvested under anoxic conditions by continuous-flow centrifugation at 16,500 x g and 
4°C. Further handling and all purification steps were done in a glove box with N2/H2 (96:4 v/v) as a gas 
phase, from which traces of oxygen were removed continuously by circulation of the gas through a 
palladium catalyst column. The cell pellet was washed twice with 50 mM Tris-HCl pH 8 (buffer A). 
The cells were resuspended in the same buffer and passed through a French pressure cell at 100 MPa. 
After 15 min incubation with DNAse at room temperature, cell debris was removed by centrifugation 
at 16,000 x g. To separate membranes from the soluble fraction, the crude extract was centrifuged for 
90 min at 140,000 x g and 4°C. The membrane fraction was resuspended in buffer A. Chromatographic 
steps were performed by fast protein liquid chromatography. All buffers used for purification were 
degassed and filtered through a 45 urn filter and, after equilibration in the anaerobic glove box for at 
least 24 h, were supplied with 150 uM sodium dithionite prior to use. The soluble fraction of 12 g cells 
was loaded onto a Q-sepharose fast-flow column (2 x 10 cm) equilibrated with buffer A. A 320-ml 
linear gradient of 0-0.6 M NaCl in buffer A was applied. Fractions containing hydrogenase activity, 
which eluted at 0.23 M NaCl, were pooled and applied to a Biogel-CHT5 column (1 x 6.4 ml, Bio-
Rad) equilibrated with 0.01 mM Na-phosphate pH7 at a flow rate of 1 ml/min. Hydrogenase activity 
eluted at 0.41 M phosphate in a 75-ml linear gradient of 0.01-0.45 M Na-phosphate. (NH^SCU was 
added to the pooled fractions containing hydrogenase to a final concentration of 1.5 M. This sample 
was loaded onto a phenylsuperose column equilibrated with buffer A containing 1.2 M (NHO2SO4. A 
linear gradient of 1.2 - 0 M (NH4)2S04 in buffer A was applied in which the hydrogenase eluted at 
0.92 M (NH4)2S04. The enzyme was desalted and concentrated to 0.5 ml in buffer A in a 10 kDa 
ultrafiltration unit and was stored at -20°C. 
Enzyme activities 
Enzyme activities were routinely measured at 37°C in N2-flushed cuvettes closed with butyl-rubber 
stoppers. One unit is defined as the amount of enzyme catalyzing the oxidation or production of 1 
umol H2 per min. The enzyme was assayed with benzyl viologen as described by Odom and Peck 
(1981b). The reaction mixture consisted of 50 mM Tris-HCl pH 8 and 1 mM benzyl viologen (e = 
8.65 mM"1 cm'1 at 578 nm for the semiquinone). To ensure a low redox potential the viologen dye was 
reduced to an initial extinction of 0.2-0.5 with sodium dithionite. After addition of 5-50 ul of the 
hydrogenase preparation the absorbance was followed until the baseline remained stable. Then, the 
reaction was started by injecting 1 ml hydrogen in the headspace and mixing thoroughly. Other natural 
and artificial electron acceptors tested in the same buffer were; 1 mM methyl viologen (MV, e = 9.7 
mM'1 cm'1 at 578 nm for the semiquinone); 3 mM potassium ferricyanide (e = 1.04 mM*1 cm"1 at 420 
nm); 0.5 mM anthraquinone-2,6-disulfonic acid (AQDS, e = 5.4 mM"1 cm"1 for the reduced form at 
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420 nm); 0.2 mM 2,6-dichlorophenolindophol (DCPIP, £ = 22 mM'1 cm1 at 600 nm); 0.5 mM flavin 
mono nucleotide (FMN, 8 = 41 mM"1 cm"1 at 450 nm); 0.25 mM flavin adenine dinucleotide (FAD, £ = 
44.3 mM'1 cm"1 at 450 nm); 1 mM nicotinamide adenine dinucleotide (NAD+, £ = 6.22 mM" cm' for 
the reduced form at 340 nm) and 0.125 mg/ml methanogenic cofactor F420 (e = 42.5 mM" cm" at 420 
nm). The hydrogen evolution activity of the purified enzyme was measured with reduced methyl 
viologen as described by Peck and Gest (1956). In this case, 35-ml serum flasks contained 2 ml 50 mM 
sodium phosphate pH 7, 10 mM methyl viologen and 100 uM sodium dithionite. After 10 minutes 
incubation at 37°C, the reaction was initiated by addition of 10-100 ul aliquots of the hydrogenase 
preparation. To determine the amount of hydrogen produced, 0.5 ml samples were withdrawn in time 
and injected on a Packard-Becker 417 gas chromatograph equipped with a thermal conductivity 
detector and molecular sieve 13X (60/80 mesh). The column temperature was 50°C, and the carrier gas 
was argon at a flow rate of 30 ml/min. Protein was determined according to Bradford with bovine 
serum albumin as the standard (Bradford, 1976). 
Characterization of the hydrogenase 
The molecular mass of the purified hydrogenase was estimated from gel filtration and SDS-
polyacrylamide gel electrophoresis according to Laemmli (1970). A fraction of the purified 
hydrogenase was passed through a Superdex 200 prep grade column (1 x 30 cm; Pharmacia) equilibra-
ted with buffer A supplemented with 150 mM NaCl. The hydrogenase eluted as a single peak. The 
combination of high- and low molecular weight markers used as a reference for gel filtration consisted 
of (size in kDa); blue dextran, 2,000; thyroglobulin, 669; ferritin, 440; catalase, 232; aldolase 158; 
bovine serum albumin, 67; ovalbumin, 43; chymotrypsinogen, 25; and ribonuclease, 13.7. A low 
molecular weight marker kit (Bio-Rad) was used as a reference for SDS-gel electrophoresis. The metal 
content of the enzyme was determined by inductively coupled plasma mass spectrometry (Elan 6000, 
Perkin-Elmer). Protein concentrations were determined using both a Bio-Rad protein assay based on 
the method of Lowry (Lowry et al., 1951) and the micro-biuret method (Bensadoun and Weinstein, 
1976). For both methods bovine serum albumin was used as a standard. Kinetic parameters were 
calculated from Lineweaver-Burk plots obtained from activity measurements of the purified 
hydrogenase at varying electron-acceptor concentrations. To determine the N-terminal amino acid 
sequence the hydrogenase subunits were blotted from a 13.5 % polyacrylamide SDS gel onto a 
polyvinylidene difluoride membrane (Immobilon polyvinylidene difluoride, Millipore Corp.) with a 
Trans-Blot SD semidry transferring cell (Bio-Rad). Protein was blotted for 2 h. at 14 V in transfer 
buffer containing 48 mM Tris, 39 mM glycine and 20% (v/v) methanol. The N-terminal amino acid 
sequences of the blotted subunits were determined as described by Schiltz et al (1991). 
X-BandEPR Spectroscopy 
EPR spectra were recorded on a Bruker ER-200D spectrometer with peripheral equipment and data 
handling as has been described previously (Pierik and Hagen, 1991). The spectra were simulated using 
100 x 100 orientations and assuming S=l/2 species subject only to electronic Zeeman interaction plus 
colinearg-strain broadening. This means that each species is defined by maximally three g-vaiues, gi, i 
= x, y, z, and three linewidth parameters, W,, in g-value units. The theory and procedure have been 
detailed in (Hagen, 1989) and references quoted therein. The assumption of g-strain is not crucial 
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because broadening by unresolved superhyperfme interactions (or by a combination with g-strain) 
would result in virtually identical spectra (cf. Hagen, 1989). 
DNA-isolation 
DNA was isolated from 6-ml samples of & fumaroxidans cultures grown on fumarate as described 
previously (Harmsen et al, 1995). However, the following modifications were introduced. Cells were 
disrupted mechanically by bead beating at 4,200 rpm in a mini bead beater (Biospec products, 
Bartlesville, Oklahoma) with 200 ul Tris-HCl (pH 8.0) buffered phenol/chloroform/isoamylalcohol 
(25:24:1) during 4 min of cycles consisting of 20 s bead beating and 30 s cooling on ice. Nucleic acids 
were ethanol-precipitated from the waterphase, air dried, and resuspended in 50 ul water. 
DNA amplification byPCR and inverse PCR and cloning of the products 
PCR-amplifications were performed in 50 ul reactions containing 20 mM Tris-HCl (pH 8.4), 50mM 
KG, 1.25 U Taq DNA polymerase (Life Technologies Inc., Gaithersburg, MD), 5 ng DNA as 
template, 3.5 mM MgCl2, 200 uM each dNTP and luM of each primer. The DNA was amplified in a 
Biometra T-Gradient thermocycler using the following program; denaturation at 94 °C for 2 min 
followed by 30 cycles of denaturation for 30 s at 94°C, primer annealing for 1 min at 48°C and 
elongation for 1 min at 72 °C and a final extension-step for 3 min at 72 °C. 
Inverse PCR (Triglia et al, 1988) was performed using an Expand Long Template PCR kit (Roche 
Molecular Biochemicals). Xho/- or Ecoitf-digested DNA was ligated at a concentration of 0.5 ng/ul 
(van de Pas et al, 1999) and purified with a PCR purification kit (Qiagen, Hilden, Germany). As 
template for inverse PCR, 1 ng of self-ligated DNA was added to a 50 \d reaction mixture consisting of 
reaction buffer (supplied by Roche Molecular Biochemicals) including 2.25 mM MgCl2, 350 uM of 
each dNTP, 300 nM of each primer and 1.75 U enzyme mix. For these reactions the following program 
was used; denaturation at 94 °C for 2 min followed by 30 cycles of denaturation for 20 s at 94°C, 30 s 
annealing at a temperature dependent on the primers used and elongation at 68°C for 4 min. After 10 
cycles the elongation time was extended with 15s/cycle. The final extension-step was performed at 
68°C for 5 min. PCR-fragments of interest were purified from agarose gels with the CONCERT 
Matrix Gel Extraction System (Life Technologies Inc., Gaithersburg, MD). For cloning of all PCR 
products the pGEM-T vector system and competent E. coli JM 109 cells (Promega) were used 
according to the manufacturers instructions. 
DNA Sequencing and Sequence Analysis 
DNA sequencing was performed using a Li-Cor 4000L DNA sequencer (Lincoln, Nebr.). Plasmid 
DNA used for sequencing reactions was purified with the QIAprep Spin Miniprep kit (Qiagen, Hilden, 
Germany). Sequencing reactions were carried out using the Thermo Sequenase fluorescent-labeled 
primer cycle sequencing kit (Amersham Life Science, Slough, UK). IRD800 5' end labeled universal 
and specific sequencing primers were purchased from MWG Biotech (Ebersberg, Germany). Both 
strands of the fragments were sequenced. Sequences were assembled and analysed with the DNAstar 
package (DNASTAR Inc., Madison, Wis.). Sequence similarity searches were performed with the 
BLAST 2.0 program (Altschul et al, 1997) provided by the National Center for Biotechnology 
Information (http://www.ncbi.nlm.nih.gov:80/BLAST/)J Bethesda, Md. Pairwise alignments were 
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carried out with the ALIGN program (Person et a/.,1997) available at Institut de Genetique Humaine 
(http://xylian.igh.cnrs.fr^in/align-guess.cgi), Montpellier, France. Multiple amino acid sequences were 
aligned using the program ClustalW (Thompson et ah, 1994) provided by the European Bioinformatics 
Institute (http://www.ebi.ac.uk/clustalw/), Hinxton, UK. Dendrograms were displayed with the 
program TreeView (Page, 1996). 
Results 
Purification and properties of the isolated enzyme 
In S. fumaroxidans 70 % of the hydrogenase activity was recovered in the soluble cell fraction. 
Attempts to wash periplamic hydrogenase from intact cells as described for several hydrogenases of 
Desulfovibrio species were not successful. Purification of the soluble hydrogenase required 3 
chromatographic steps, including a Q-sepharose column (anion exchange chromatography), a Biogel-
CHT5 column (hydroxy apatite chromatography) and a Phenyl-superose column (hydrophobic 
interaction chromatography) (Table 1). The specific activity of the enzyme did not increase after 
application of an additional gel filtration column. Although the ceramic hydroxyapatite column was a 
very useful step, approximately 40% of the hydrogenase activity applied to this column did not bind. 
However, further attempts to purify the hydrogenase activity from this fraction were not successful. 
Gel filtration and SDS polyacrylamide gel electrophoresis of the 280-fold-purified hydrogenase 
suggest that the enzyme is a homo-dimer composed of a large (55 kDa) and a small (29 kDa) subunit 
(Figure 1). The enzyme contained 12.0 atoms of iron and 0.93 atoms of nickel per hetero-dimer. 
Selenium was not detected. The purified hydrogenase oxidized 1,600 umol H2 min"1 mg"1 protein at 
37°C and pH 8 using benzyl viologen as electron acceptor. Hydrogen production rates, kinetic 
parameters and oxidation rates with other electron acceptors are presented in Table 2, The purified 
enzyme did not show activity when assayed with NAD(P), FAD, FMN, DCPIP, ferricyanide or 
cofactor F420 as electron acceptors. Dithionite could serve as electron donor in the hydrogen-evolution 
assay with the purified enzyme, with methyl viologen as mediator. The enzyme also catalyzed 
Table 1. Purification of hydrogenase from Syntrophobacter fumaroxidans. 1 unit (U) is defined as 1 |amol H2 min 
oxidized/produced. 
-i 
Fraction 
Crude extract 
Membranes 140,000 xg 
Supernatant 140,000 xg 
Q-sepharose 
Biogel-CHT5 
Phenylsuperose 
Specific activity 
(Umg1) 
5.9 
6.7 
5.8 
15.2 
1,166 
1,646 
Purification 
(fold) 
— 
1 
3 
198 
280 
Recovery 
( % ) 
100 
16 
70 
67 
32 
20 
72 
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hydrogen production from dithionite itself, though at a much lower rate (data not shown). The purified 
hydrogenase was stable under nitrogen as well as under air when stored at 4°C. Activity was rapidly 
lost upon dilution. Inactivated hydrogenase could not be reactivated with reductants such as dithionite, 
dithiotreitol or p-mercaptoethanol. N-terminal amino acid sequence analysis revealed the sequence 
NH2-GQXWIDPITXI for the large subunit and NH2-LASPQXXXVWLAFF for the small subunit, 
in which residues marked 'X' represent uncertainties in the chromatographs. 
1 2 3_ 
150 
100 
C C • • - - ..mm0' C A 
29 — * - «— 25 
Figure 1. SDS-PAGE (13.5%) of the purified hydrogenase from S.jumaroxidans. Lane 1 and 3, molecular weight markers 
(12 .5 — 1 5 0 \cTiPt\ T nnc 0 hvAmn^nvct* ( .  -150 kDa). La e 2, hydrogenase. 
EPR-spectroscopy
 61 
Most [NiFe]-hydrogenases exhibit a number of redox-dependent EPR signals that exhibit Ni 
hyperfine splittings when the enzyme is isotopically enriched (Albracht, 1994). The as-isolated 
oxidized and catalytically inactive hydrogenases can show two similar signals, which differ mainly in 
the position of the gy line: forms A fe*2.31, 2.23, 2.02) and B (g * 2.34, 2.16, 2.01). Enzyme 
preparations showing a Ni-B signal can be activated by hydrogen within a few minutes. Enzyme 
molecules showing a Ni-A signal can only be fully activated after incubation under hydrogen for 
several hours (Fernandez et al, 1985). Ni-B and Ni-A forms are therefore also called "ready'j 
(proposed to be enzyme in the "right" conformation and the "wrong" redox state) and "unready" 
(proposed to be enzyme in the "wrong" conformation and the "wrong" redox state), respectively. EPR 
spectroscopy of the purified hydrogenase from S. fumaroxidans as isolated revealed a S-l/2 species 
w
«h g ^ = 2.28, 2.12, 2.04 (Fig. 2 trace A and B). This spectrum is typical for Ni-B. As expected 
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Table 2. Hydrogen oxidation and production rates and kinetic parameters of the purified hydrogenase. 1 unit (U) is defined 
as 1 umol H2 ml"1 min'1 oxidized/produced. Km and Vmax values are presented for the artificial electron acceptors benzyl 
viologen (BV) and methyl viologen (MV). AQDS, Anthraquinone disulfonic acid; n.d., not determined. H2-oxidation 
activities were measured at pH 8, Revolution activity was measured at pH7. 
Electron acceptor Electron donor Specific activity Km Vmax 
(x 103 U/mg) (mM) (x 103 U/mg) 
BV H2 1.6 0.78 2.9 
MV H2 1.1 0.95 1.5 
AQDS H2 0.029 n.d. n.d. 
H* MV (dithionite) 0.35 n.d. n.d. 
from the anaerobic conditions mantained during the purification, almost no Ni-A signal was found. 
Reductive activation of the S. fumaroxidans enzyme by H2 resulted in the loss of the EPR signal 
associated with form B and the appearance of a S=l/2 species with gx,y,2 = 2.19,2.14,2.00, typical for 
a Ni-C signal (Fig. 2 trace C and D). Similar results have been found for most [NiFe]-hydrogenases 
(Albracht, 1994). In both the as isolated and H2-reduced spectra of the S. fumaroxidans hydrogenase a 
signal with a gy 1.94 was found, characteristic of a [4Fe-4S]+ cluster. Reduction with sodium dithionite 
did not change the H2-reduced spectrum. However, oxidation with potassium ferricyanide resulted in 
complete disappearance of the Ni-C signal and the appearance of the sharp almost isotropic S=l/2 
signal characteristic of a [3Fe-4S]+ cluster (Fig. 2 trace E). In this sample, a less intense signal with gy^ 
= 2.31,2.24 was found, which represents the Ni-A state. The gx of the Ni-A signal was obscured by the 
signal from the [3Fe-4S]+ cluster. This Ni-A signal was also found as a minor contribution in the 
spectrum of the as isolated and H2 reduced hydrogenase. The redox behaviour of the S. fumaroxidans 
hydrogenase is typical of regular [NiFe]-hydrogenases. Like the Desulfovibrio enzymes, it also appears 
to contain both [4Fe-4S] and [3Fe-4S] clusters. 
Table 3. EPR properties of the S. jumaroxidans [NiFe]-hydrogenase. EPR conditions as in legend to Figure 2; n.d. not 
determined. 
Species 
Ni-A 
Ni-B 
Ni-C 
[3Fe4S]+ 
gz 
2.31 
2.28 
2.19 
2.02 
gy 
2.24 
2.12 
2.14 
2.01 
gx 
n.d. 
2.04 
2.00 
2.00 
wz 
(mT) 
1.2 
1.1 
1.2 
1.0 
wy 
(mT) 
1.6 
1.4 
1.7 
0.8 
(mT) 
n.d. 
1.1 
1.5 
2.5 
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CQ 
>< 
250 300 350 400 
B(mT) 
Figure 2. EPR spectroscopy of the S. fumaroxidans [NiFe]-hydrogenase. J™*£*™ hydrogenase oxidized with 3 mM 
signal. Trace C. H2-reduced hydrogenase. Trace D. simulation o t N ^ S 1 ^ ' " e'Jces A.D- microwave frequency, 
potassium ferricyanide, and a 10 times blow-up of the Ni-A signal EPR cooditiOT» ™r temperature, 22 K. 
9.43 GHz ; microwave power, 20 mW; modulation frequency, 100 kHz; modulation ^ ^ ^ t o ^ p l i t u d e , 0.40 
EPR conditions for trace E.: same as for other traces except for microwave power, 12.6 mW, m 
mT; temperature, 26 K. 
Sequence analysis of the hydrogenase encoding DNA region (hynSL) HM57HA 
A 0.32 kb PCR product was amplified from genomic S. fumaroxidans ^ ^ £ ^ ™ 1 
Table 4) derived from the N-terminal sequence (WIDPI) of the ^ ^ ^ " f ^ y 
and a reverse primer (coRl, Table 4) derived from a conserved reg>on ( [ L ^ ™ ^ X s i o n no. 
hydrogenase sequences from DesulfoviMo sPP. present in the sequence *£™££ ° rf 
P21S52,
 P 1 2 9 4 4 , AAP43138, P18188, " ™ ^ £ ^ ^ % M were 
divergent primer pairs (up- and downstream of the Xnol restriction ^ 
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Xhol EcoRl 
_J _ 
Xhol 
Okb Ikb 
P I 
LASPQRPPVVWLAF 
2kb 
> 4 
N57HA coRl 
<• < • 
R5F4 R2F3 
EcoRl 5' hoi 
3kb 
i 
S3 
Ani/. — hynC 
Figure 3. Organization of the sequenced hyn genes. Oligonucleotides used for PCR and inverse PCR are represented by 
triangles. Restriction sites (EcoRl, Xhol) relevant for cloning are shown. The positions of a putative a54-dependent promoter 
(P) and a putative rho-independent terminator are indicated. The black square within hynS shows the position of the N-
terminal amino acid sequence determined from the purified protein. Below the appropriate amino acid sequence derived 
from the DNA sequence is given. The vertical arrow indicates the cleavage position of the signal peptide. 
Table 4. Oligonucleotide primers used in this study to pick up the hydrogenase encoding DNA-region by PCR and inverse 
PCR. 
Primer 5 ' 3' 
N57HA 
coRl 
F3 
R2 
F4 
R5 
S3 
GTIGTNATHGAYCCIAT 
AARTGRTARAARTGNA 
GACTGATTCGTAACCTGCTCCTCC 
GACCGATGCCAGGCCGTGAAC 
TGACCAACGGCAAGGTGTCC 
CAGATGACCCTCGATACGG 
TCCACCGGACGCTTCGGATCG 
designed to amplify flanking fragments by inverse PCR (Figure 3). Using a primer pair (F3/R2, Table 
4) located downstream of the Xhol restriction site a 0.94-kb fragment from EcoRl digested DNA and a 
2 kb fragment from^ol digested DNA were amplified. The primer pair F4/R5 (Table 4) was located 
upstream of the Xhol site and allowed the amplification of a 1.88-kb fragment from Xhol digested 
DNA. An additional 1.47-kb PCR product was obtained using the primers F4/S3 (Table 4) with 
genomic DNA as template. The assembling of the fragments resulted in a DNA region corresponding 
to a 3.94-kb Xhol fragment of S. fumaroxidans DNA. On this DNA segment the genes encoding the 
small subunit (hynS) and large subunit (hynL) of the described hydrogenase were located. The deduced 
protein sequences HynS (312 amino acids) and HynL (546 amino acids) exhibited the highest 
similarity values to HynS (59% identity) of Desulfovibrio vulgaris Myiazaki (Deckers et aU 1990) and 
HynL (62% identity) of D. gigas (Li et al, 1987), respectively. Downstream of the hynSL gene region 
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an uncompleted open reading frame QiynC) is situated. The derived amino acid sequence HynC (147 
amino acids) showed the highest similarity (42%) to the hydrogenase maturation factor HynC from D. 
fructovorans (Rousset et ah, 1993). The analysis of the hynS upstream region revealed in 124 bp 
distance from the ATG start codon the presence of a sequence (GGCAAGACAATGGC) similar to the 
consensus motive for a54-dependent promoters (Barrios et al.9 1999). The presence of a putative rho-
independent terminator (ACGGGAACCCGGCG-N4-CGCCGGGTTCCTGT.TTTTTT) 24 bp 
downstream of hynL and the absence of transcription initiation and termination signals between hynS 
and hynL suggest the co-transcription of both genes. 
HynL Ws 
HysA Db H y n L C i 
HybC Ec 
HynL TV 
HynL Dbd 
HyaB Ec 
HoxG Re 
HoxH Re 
HupLTV 
MvhAl Mt 
HyhL Tl 
HyfG Ec 
HynL Dd 
HupV Bj 
HoxC Re 
FrhA Mt 
HycE Ec 
0.1 
Figure 4. Phylogenetic position of the S. jumaroxidans large subunit among those of other ^ f f ^ ^ ^ ^ 
were constructed with ClustalW and displayed with the TreeView program. Sf: &*?*^^ ™ 
Desulfovibriofructosovorans (accession no. HynL P18188); Dv: Desulfovibrio vulgans ^ ^ ^ ™ ^ J * 
Desulfovibrio gigas (HynL P12944); Bj: Bradyrhizobium japonicum (HupVQ45255; HupU Q 4 5 2 ^ ^ ^ ™ ^ 
eutropha H ^ o x C ^ 6 0 4 ; Hoxk P22320?HoxG P31891); Mt: * ^ » » > ^ 
AAK11629). 
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Discussion 
We describe here for the first time the isolation and characterization of a hydrogenase from a 
syntrophic propionate oxidizing bacterium. Hydroxyapatite appeared to be a very useful material to 
purify this particular enzyme (Table 1). However, part of the hydrogenase activity did not bind to this 
material. Further purification of the hydrogenase in this fraction resulted in rapid loss of activity, 
especially when applied to a hydrophobic interaction chromatography column. From these 
observations we conclude that S. fumaroxidans possesses at least two hydrogenases when grown on 
fumarate. The hydrogenase that we describe here is either soluble or only loosely linked to the 
cytoplasmic membrane. Van Kuijk et ah (1998) reported a periplasmic localization of the hydrogenase 
from fumarate grown cells of & fumaroxidans. A twin-arginine motif was predicted to be present in the 
precursor of the small subunit of the [NiFe]-hydrogenase purified in this study, indicating that this 
enzyme is localized in the periplasm (Weiner et ah, 1998; Vignais et ah, 2001). The derived amino-
acid sequences of both subunits showed highest similarity to those of the periplasmic [NiFe]-
hydrogenases from Desulfovibrio species (Figure 4). The three conserved iron-sulfur binding motifs in 
the small subunit confirmed the presence of the two [4Fe-4S]-clusters and the [3Fe-4S]-cluster which 
were identified with EPR (Albracht, 1994). 
Many [NiFe]-hydrogenases described in the past have been classified as uptake hydrogenases 
though some of them are known to act reversibly in vivo (Hahn and Ktick, 1994). Desulfovibrio 
vulgaris Groningen contains a single periplasmic [NiFe]-hydrogenase which was shown to be involved 
both in H2 production as well as in H2 uptake (Hatchikian et ah, 1995). These authors also tested 
several Desulfovibrio species for the ability to grow syntrophically on lactate with Methanospirillum 
hungatel Alhough all the organisms they tested grew syntrophically, fastest growth was observed with 
two strains that only possess the genes for a [NiFe]-hydrogenase (Voordouw et ah, 1990). This is 
remarkable since the [NiFeSe]- and [Fe]-hydrogenases have been described to possess much higher 
H2-evolution rates (Fauque et ah, 1988). The [NiFe]-hydrogenase isolated from £ fumaroxidans may 
thus also be responsible for H2-transfer in syntrophic propionate oxidizing cultures, despite being 
apparently more active in the H2-uptake role. 
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Two W-containing formate dehydrogenases (co2-reductases) 
involved in syntrophic propionate oxidation by 
Syntrophobacter fumaroxidans 
Frank A.M. de Bok, Peter-Leon Hagedoorn, Pedro J. Silva, Wilfred R. Hagen, 
Emile Schiltz, Kathrin Fritsche and Alfons J.M. Stams 
T wo formate dehydrogenases (CCVreductases) (FDH1 and FDH2) were isolated from the 
syntrophic propionate-oxidizing bacterium Syntrophobacter fumaroxidans. Both enzymes are 
produced in axenic fumarate-grown cells as well as in cells grown syntrophically on propionate with 
Methanospirillum hungatei as the H2 and formate scavenger. The purified enzymes exhibit extremely 
high formate oxidation rates and low Km-values for formate. The enzyme designated 'FDH1' has a 
specific formate oxidation rate of 700 U/mg and a Km of 0.04 mM for formate. 'FDH2' oxidizes 
formate with a specific activity of 2700 U/mg and has a Km of 0.01 mM for formate. Both enzymes 
reduce C02, with specific activities of 900 U/mg and 89 U/mg respectively. FDH1 has a native 
molecular weight of approximately 350 kDa and is composed of subunits of 89, 56 and 19 kDa. FDH2 
is a heterodimer composed of a 92 kDa- and a 33 kDa subunit. Both enzymes are tungsten-selenium 
proteins. Molybdenum was not detected. EPR spectroscopy suggests that FDH1 contains at least 4 
[2Fe-2S] clusters per molecule and additional [4Fe-4S] clusters which show paramagnetic coupling. 
FDH2 contains at least 2 [4Fe-4S] clusters per molecule. We speculate that during syntrophic growth 
one of the enzymes is involved in CO2 fixation via the Wood-pathway, while the other enzyme is used 
by the organism to dispose of reducing equivalents by reducing C02 to formate. 
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Introduction 
Formate dehydrogenase (FDH) catalyzes the oxidation of formate to C02, a reversible reaction 
though CCh-reduction has only been demonstrated for a few FDHs (Yamamoto et aL, 1983;. FDH has 
been purified from several sources including eukaryotes, archaea and bacteria. With the exception of 
the Pseudomonas oxalaticus FDH (Muller et aL, 1978), FDH's from aerobic organisms reduce NAD , 
have a high Km for formate, are insensitive to O2 and contain no metals or cofactors (Ferry, 1990). In 
contrast, the enzymes of anaerobic bacteria and archaea contain complex redox centers and are 
extremely sensitive to O2. The FDH's isolated from anaerobes contain, besides multiple iron-sulfur 
clusters, molybdenum in their active sites, usually in combination with selenium (Ferry, 1990). The 
NADP-reducing FDH of Moorella thermoacetica (previously known as Clostridium thermoaceticum) 
however, contains tungsten (Yamamoto et ah, 1983), and recently two other W-containing FDH's 
were isolated (Almendra et ah 1999; Grantzdorffer, 2000). One of these enzymes was isolated from the 
sulfate reducer Desulfovibrio gigas, while the FDH's of Desulfovibrio vulgaris Hildenborough and 
Desulfovibrio desulfuricans are molybdoenzymes (Sebban et aL, 1995; Costa et aL, 1997). Almendra 
et aL hypothesized that extant Desulfovibrio species preferably express Mo-containing proteins, while 
their predecessors in evolution utilized both tungsten and molybdenum (Almendra et aL 1999). 
Due to close cooperation with methanogenic archaea, syntrophic bacteria are able to thrive at the 
lowest possible amounts of energy available (Stams, 1994; Schink, 1997). Although interspecies H2-
transfer is thought to underlie these syntrophic interactions, formate is also considered to be an 
important mediator of reducing equivalents in syntrophic cultures (Boone et aL, 1989; Thiele and 
Zeikus, 1988; Dong et aL, 1994; Stams and Dong, 1995). The concentrations of H2 and formate in 
these cultures are extremely low, and therefore it is difficult to determine which species is transferred. 
If formate is transferred, the acetogens should possess a FDH with a high CCVreduction rate. 
Syntrophobacter fumaroxidans is a syntrophic propionate-oxidizer isolated from anaerobic granular 
sludge (Harmsen et aL, 1998). It grows in suspended co-cultures with methanogens that utilize both H2 
and formate (Dong et aL, 1994). Phylogenetic analysis revealed that S. fumaroxidans as well as other 
Syntrophobacter species are closely related to sulfate-reducing bacteria (Harmsen et aL 1993* 1995; 
1998). These organisms indeed couple propionate oxidation to sulfate reduction, though at a much 
lower rate than other sulfate reducers (Wallrabenstein et aL, 1994; 1995; van Kuijk et aL 1995). 
Though FDH activity has been demonstrated in S. fumaroxidans (van Kuijk et aL, 1998) there are to 
date no reports on the isolation and properties of a FDH required for syntrophic growth. We report here 
the purification and properties of two distinct, W-containing FDH's from S. fumaroxidans These 
enzymes exhibit extremely high C02-reduction- and formate-oxidation rates as compared to the FDH's 
described for other anaerobic bacteria. 
Materials and Methods 
Organisms and growth conditions 
Syntrophobacter fumaroxidans (DSMZ 10017) and co-cultures of S. fumaroxidans with 
Methanospirillum hungatei JF1 (DSMZ 864) were grown in bicarbonate buffered medium with the 
following composition; 3 mM Na2HP04, 3 mM KH2P04, 5.6 mM NH4CI, 0.75 mM CaCl 0 5 mM 
MgCl2, 5 mM NaCl, 50 mM NaHC03, 1- mM Na2S, 7.5 uM FeCl2, 1 uM H3BO3, 0.5 uM ZnCl2 0.1 
uM CuCl2, 0.5 uM MnCl2, 0.5 uM CoCl2, 0.1 uM NiCl2, 0.1 uM Na2Se03, 0.1 uM Na2W04, 0.1 uM 
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Na2Mo04, 0.5 mg/1 EDTA, vitamins (jag/1); 0.02 biotin, 0.2 nicotinic acid, 0.5 pyridoxins 0.1 
riboflavin, 0.2 thiamin, 0.1 cyanocobalamin, 0.1 p-aminobenzoic acid, 0.1 pantothenic acid, 0.1 lipoic 
acid and 0.1 folic acid. For mass cultivation the cultures were grown in 25-1 carboys containing 20 1 of 
medium with 30 mM fumarate as the substrate for S. fumaroxidans and 30 mM propionate for 
methanogenic co-cultures. The methanogens were pre-grown on 10 mM of sodium formate, prior to 
inoculation of syntrophic co-culture. Cells were harvested anoxically by continuous-flow 
centrifugation and stored at -20°C after resuspending the cell pellets in 50 mM Tris-HCl pH 8. 
Enzyme purification 
All purification procedures were performed in an anaerobic glove box with N2/H2 (96:4 v/v) as gas 
phase. Traces of O2 were removed by circulating the gas phase over a platinum catalyst column. 
Thawed cells were broken in an Aminco French pressure cell at 100 MPa. After treatment with 
deoxyribonuclease the extracts were centrifuged at 16,000 x g for 10 min to remove cell debris. The 
enzymes were purified from the soluble part of the cells which was obtained by ultracentrifugation of 
the crude extracts at 140,000 x g and 4°C for 1 h. All buffers used for purification were degassed and 
filtered through a 45 jim filter and after equilibration in the anaerobic glove box for at least 24 h, 
supplied with 150 uM sodium dithionite prior to use. The soluble fraction was loaded onto a Q-
sepharose fast-flow column (2 x 10 cm) equilibrated with 50 mM Tris-HCl pH8 (buffer A). A 320-ml 
linear gradient of 0-0.6 M NaCl in buffer A was applied, followed by a 80-ml linear gradient of 0.6-1 
M NaCl. Fractions containing FDH, which eluted between 0.16 and 0.30 M NaCl, were pooled and 
applied to a Biogel-CHT5 column (1 x 6.4 ml) equilibrated with 0.01 mM Na-phosphate pH 7 at a flow 
rate of 1 ml/min. The FDH that did not bind to this column was designated TDH1'. The other FDH, 
which eluted at 0.32 M phosphate in a 15 ml linear gradient of 0.01-0.45 M Na-phosphate, was 
designated 'FDH2'. FDH1 was concentrated and desalted in a Filtron 30 kDa ultrafiltration cell. For 
further purification the enzyme was applied to a Mono-Q column equilibrated with buffer A, and 
eluted with a 20-ml linear gradient of 0-0.35 M NaCl at a flow rate of 1 ml/min in the same buffer. 
FDH1 eluted at 0.16 M NaCl and was concentrated in an Amicon ultrafiltration cell with a PM30 filter 
and applied to a Superdex 200 pg column equilibrated with buffer A containing 0.15 M NaCl. A flow 
rate of 0.5 ml/min was applied to elute the protein. For purification of FDH2 we repeated the first two 
steps (Q-sepharose and Biogel-CHT), starting with fresh material. For further purification of FDH2 the 
same principles and conditions as described for FDH1 were applied. FDH2 eluted at 0.24 M CI- from 
the Mono-Q and as a single peak from the superdex 200 pg. Purified enzymes were either stored under 
N2 at 0°C (for all characterization procedures carried out within the next 24 hours), or frozen in liquid 
N2 and then stored for longer periods at ~70°C. For purification of FDH 1 and FDH2 from cells co-
cultured with M. kungatei, the purification procedures applied were similar to those for fiimarate-
grown cells. 
Enzyme assays and kinetic analyses 
Enzyme activities were measured at 37°C in N2-flushed cuvettes closed with butyl-rubber stoppers. 
One unit is defined as the amount of enzyme catalyzing the conversion of 1 umol of substrate per min. 
During purification FDH activity was followed by measuring the reduction of 1 mM benzyl viologen 
(BV2+) in 50 mM Tris-HCl pH8 at 578 nm (BV*, e = 8.65 mM"1 cm'1). Before addition of the enzyme 
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the assay-buffer was slightly pre-reduced with sodium dithionite to obtain an absorption of 0.2-0.5. 
The reaction was initiated by addition of 10 mM sodium formate. Other artificial electron acceptors 
tested in the same buffer using a similar procedure as for BV were; 1 mM methyl viologen (MV\ £ = 
9.7 mM"1 cm"1 at 578 nm); 3 mM potassium ferricyanide (s = 1.04 mM"1 cm"1 at 420 nm); 0.5 mM 
anthraquinone-2,6-disulfonic acid (AH2QDS, e = 5.4 mM"1 cm"1 at 420 nm); 0.2 mM 2,6-
dichlorophenolindophenol (DCPIP, £ = 22 mM"1 cm"1 at 600 nm); 0.5 mM flavin mono nucleotide 
(FMN, £ = 41 mM"1 cm"1 at 450 nm); 41 mM flavin adenine dinucleotide (FAD, £ = 44.3 mM"1 cm"1 at 
450 nm); 1 mM nicotinamide adenine dinucleotide (NADH, s = 6.22 mM"1 cm"1 at 340 nm) and 0.125 
mg/ml methanogenic cofactor F420 (s = 42.5 mM"1 cm"1 at 420 nm). The CC>2-reductase activity was 
measured by following the oxidation of dithionite-reduced methyl viologen in 100 mM sodium 
phosphate pH 7.3 at 578 nm. The reaction was started by addition of 10 mM sodium bicarbonate. 
Kinetic parameters were calculated from Lineweaver-Burk plots obtained from activity measurements 
of the purified enzymes at varying substrate or electron acceptor concentrations. Protein was 
determined according to Bradford (1976) with bovine serum albumin as a standard. 
Composition of the purified formate dehydrogenases 
The molecular masses of the purified FDH's were estimated from gel filtration and SDS-
polyacrylamide gel electrophoresis according to Laemmli (1970). A combination of high- and low 
molecular weight markers used as a reference for gel filtration consisted of (size in kDa); blue dextran, 
2,000; thyroglobulin, 669; ferritin, 440; catalase, 232; aldolase 158; bovine serum albumin, 67; 
ovalbumin, 43; chymotrypsinogen, 25 and ribonuclease 13.7. A low molecular weight marker (Bio-
Rad) was used as a reference for SDS-gel electrophoresis. The metal content of the purified enzymes 
was measured by inductively coupled plasma mass spectrometry (Elan 6000, Perkin-Elmer). For those 
preparations the protein content was determined with a micro-biuret method (Bensadoun and 
Weinstein, 1976) 
Staining of formate dehydrogenase in polyacrylamide gels 
Staining of FDH activity after nondenaturating polyacrylamide gel electrophoresis was performed at 
room temperature under a nitrogen atmosphere. The gel was incubated in Tris-HCl pH8, containing 1 
mM methyl viologen which was slightly prereduced with sodium dithionite. Staining was initialized by 
addition of 1 mM triphenyltetrazolium chloride and subsequently 10 mM sodium formate. Heme was 
stained with terramethylbenzidine according to Trumpower and Aspendiar (1975) after separation of 
the FDH subunits in a LDS (lithium dodecyl sulphate) polyacrylamide gel. 
AJ-terminalamino acid sequence 
Purified proteins were transferred from SDS-polyacrylamide gels (12% for large subunits and 15% 
for small subunits) to a polyvinylidene difluoride membrane in a Bio-Rad Mini Trans-Blot module. 
Transfer was carried out at 200 mA for 3 h in 10 mM CAPS-buffer pHl 1 containing 2.5 M methanol. 
Immobilized proteins were stained with Ponceau S. The N-terminal sequences of the FDH-subunits 
were determined by Edman-degradation as described previously (Schiltz et aL, 1991) 
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EPR-spectroscopy 
X-band EPR spectra were recorded on a Varian E-9 EPR spectrometer with peripheral equipment 
and data handling as has been described previously (von Wachenfeldt et al, 1994). EPR signals were 
simulated as described previously (Arendsen et al, 1996). 
Results 
Purification of the Syntrophobacterfumaroxidans formate dehydrogenases 
Purification of FDH activity from the soluble fraction of Syntrophobacter fumaroxidans cells grown 
on fumarate yielded two distinct enzymes, FDH1 and FDH2 (see below). Strictly anoxic conditions 
and the use of dithionite as a reductant were required to recover FDH activity. Other reducing agents 
such as dithiothreitol, 2-mercaptoethanol, sulfide or cystein had an insufficient stabilizing effect on the 
enzymes during purification. In addition, oxygen-inactivated enzyme preparations could not be 
reactivated with any of the reductants mentioned above. In order to fully activate the enzymes an initial 
reduction of the viologen dyes was required, otherwise no or less activity was measured. Furthermore, 
maximal rates were only measured after an incubation period (without substrate) of usually 2 to 5 
Table 1. Purification of FDH2 from S. fumaroxidans grown on fumarate. 
Fraction Specific activity 
(U nig"1) 
Supernatant 140,000 xg 34 
Q-sepharose 77 
Biogel-CHT5 813 
Mono-Q 1,274 
Superdex 200 2,659 
Table 2. Purification of FDH1 from S. fumaroxidans grown < 
Fraction Specific activity 
(umol min"1 mg") 
Supernatant 140,000 xg 55 
Q-sepharose 69 
Biogel-CHT5 51 
Mono-Q 197 
Superdex 200 698 
Purification 
(fold) 
2 
24 
38 
79 
Recovery 
(%) 
100 
82 
18 
19 
6 
jn propionate in co-culture with M. hungatei. 
Purification 
(fold) 
1 
1 
4 
13 
Recovery 
(%) 
100 
45 
13 
6 
2 
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Figure 1. Polyacrylamide gelelectrophoresis of the S. fumaroxidans formate dehydrogenases. A. Enzymes separated under 
SDS-denaturing conditions. 1. Molecular weight marker; 2. FDH1 purified from fumarate-grown cells; 3. FDH1 purified 
from propionate-grown cells (co-cultured with M. hungatei); 4. FDH2 purified from fumarate-grown cells. B. 
Electrophoresis under non-denaturing conditions followed by activity staining. 1 & 3; FDH1; 2 & 4; FDH2; Protein stained 
with Coomassie (left, 1 & 2), stained for activity with triphenyltetrazoliumchloride (right, 3 & 4). 
minutes until a stable baseline was obtained. Storage of partially purified FDH under N2 at 0°C, either 
with or without reducing agents, could not overcome rapid inactivation of the enzymes in time. 
Therefore, though the use of the same purification steps for each enzyme would suggest simultaneous 
purification of both enzymes, we started with fresh material for the purification of each individual 
enzyme. 
FDH2 of S. fumaroxidans was purified from fumarate-grown cells to a specific activity of 2,700 
U/mg (Table 1). Purification of this enzyme from cells co-cultured with M. hungatei was less 
successful probably due to the presence of the archaeal proteins. For FDH1, however, best results were 
obtained when purified from co-cultured cells (Table 2). When this enzyme was purified from 
fumarate-grown cells, SDS-polyacrylamide gel electrophoresis showed two additional bands (Figure 
Abs 
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Figure 2. Absorption spectra of the Syntophobacter fumaroxidans formate dehydrogenases. The enzymes were reduced with 
sodium dithionite to obtain the reduced spectra (broken lines). Both enzymes exhibit absorption bands at 320 and 400 run, 
indicative for iron-sulfur clusters. A. FDH1; B. FDH2. 
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1A). Though active FDH could be recovered from mild hydrophobic interaction chromatography 
media, such an additional step was not succesflil to remove this contaminating protein. The highest 
specific activity measured for this enzyme was 700 U/mg when isolated from cells co-cultured with 
MhungateL Activity-staining of the isolated enzymes after native polyacrylamide gel electrophoresis 
showed that the bands observed with Coomassie staining showed FDH activity as well (Figure IB). 
Heme was not detected in the subunits of the isolated enzymes, nor did we observe bands typical for 
heme in the absorption spectra of the isolated enzymes (Figure 2). 
Localization of formate dehydrogenase 
For S. fumaroxidans cells grown in pure culture on fumarate, in general only 5-10% of the FDH 
activity was recovered in the membrane fraction after ultracentrifugation of crude extracts. Therefore, 
most likely both enzymes are either soluble or loosely linked to the cytoplasmic membrane. Attempts 
to wash periplasmic enzymes from intact cells as described for Desulfovibrio vulgaris FDH were not 
successful (Sebban et a/., 1995). Attempts to prepare spheroplasts of £ fumaroxidans cells were also 
not successful as the procedure tested (Odom and Peck, 1981) resulted in aggregation of the cells. 
Table 3. Formate oxidation and C02 reduction rates of the isolated formate dehydrogenases All pactions were measured 
spectrophotometries at 37°C and 578 nm; formate oxidation rates with 1 mM viologen dye and 10 mM formate, CU2 
reduction rates with 0.5 mM methyl viologen and 10 mM sodium bicarbonate. 
donor / acceptor pH FDH1 ™ 2 
(U/mg) (U/mg) 
8 
8 
7.3 
7.3 
700 
930 
544 
900 
formate/BV2+ 700 2,700 
formate / MV2+ 
formate / MV2+ 
MVVHCO^CCh) 
510 
68 
89 
TaMe 4. Metal content of the isoiated foonate d e h y d r o = e s of ^ ^ J ^ ^ t ^ S ^ 
determined with inductively coupled mass spectrometry, a. The samples oi r u m u»c j 
amounts of contaminating protein. 
Purified enzyme3 
FDHla 
FDHla 
FDH2 
FDH2 
Fe 
48 
37 
16 
18 
Se 
0.89 
1.24 
0.68 
1.27 
W 
0.64 
0.48 
0.59 
1.01 
Mo 
0.01 
0.01 
0.00 
0.01 
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Characterization of S.fumaroxidans formate dehydrogenases 
Methyl and benzyl viologen served as electron acceptors for both isolated S.fumaroxidans enzymes 
(Table 3). DCPIP, AQDS, ferricyanide, FMN and FAD could also be used to measure FDH in the 
soluble extract, but these acceptors showed highly variable rates with different preparations of the 
(partially) purified enzymes. NAD(P) and F420 did not support the oxidation of formate, which was also 
confirmed by measurements with soluble extracts. Only methyl viologen supported reduction of CO2, 
which was catalyzed by both FDH, with dithionite as electron donor (Table 3). The CO2 concentration 
in the assay buffer under these conditions was approximately 1 mM assuming equilibrium between 
[C02] and [HCO3"]. 
The molecular weights and the composition of the isolated enzymes were estimated using gel 
filtration in combination with SDS-polyacrylamide gel electrophoresis. FDH2 consisted of 2 subunits 
of 33 kDa and 92 kDa (Figure 1A), while a molecular weight of 100 kDa estimated from gel filtration 
suggests a molecular weight of 125 kDa for the native enzyme. The subunit sizes of FDH1 are 89, 56 
and 19 kDa (Figure 1A), whereas a molecular weight around 350 kDa was estimated for the native 
enzyme. A possible composition of the native enzyme is a a2P2Y2-structure with a molecular weight of 
328 kDa. Metal-analysis revealed the presence of tungsten and selenium in both enzymes, while 
molybdenum was only present in very small amounts (Table 4). The amount of W per molecule was 
less than 1 for both enzyme preparations of FDH 1 tested, but the proteins of these samples (purified 
from fumarate-grown cells) were not completely pure (Figure 1A). The amount of selenium was 1.5-
2.5 times as much as the amount of W present in these samples suggesting a 1:2 ratio of W and Se in 
FDH1. The amount of iron in this enzyme remains uncertain. The amounts of W and Se detected in 
FDH2 seemed to be consistent with 1 W and 1 Se per molecule, and this enzyme contained 16-18 iron 
S. fumaroxidans FDH1 a-subunit 89 kDa 
E. acidaminophilum fdhB-II 
MDNNIXTLKVNGQSVKXHK 
MVTLTINGQSVSVSR 
S.fumaroxidans FDH1 p-subunit 59 kDa MQPQAS i1KvPAXEXgVL 
S.fumaroxidans FDH1 y-subunit 19 kDa MXXXLqQIFTtXDDXXXALIPV 
S. fumaroxidans FDH2 a-subunit 92 kDa YTXELXTKDAKETPXIDXYKAk 
S.fumaroxidans FDH2 P-subunit 32 kDa 
D. vulgaris Hildenborough fdh P-subunit 
* * * * * * ** * * 
AGKSFFIDTTGXTAkXGDQ 
KAFLIDTTRXTAXRGXQ 
Figure 3. N-terminal sequences of the subunits of the Syntrophobacter fumaroxidans formate dehydrogenases. The amino 
acids marked 'X* could not be determined and those indicated by small letters are not unambiguous. Related sequences were 
obtained from the NCBI genbank database and aligned using the program ClustalW. Conserved amino acids are marked 
with asterisks. 
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atoms per heterodimer (Table 4). 
Km-values for formate determined at pH8 with 5 mM benzyl viologen as electron acceptor were 
0.04 mM for FDH1 and 0.01 mM for FDH2. N-terminal amino acid sequences were obtained for all 
five subunits of the S. fumaroxidans FDH's (Figure 3). Sequence similarity searches and alignments 
were performed using the BLAST-program and ClustalW. The small subunit of FDH2 revealed a high 
homology to the 29 kDa a-subunit from the periplasmic Desulfovibrio vulgaris Hildenborough FDH. 
Remarkably the large subunit of FDH 1 showed highest homology to the smaller subunit of one of the 
Eubacterium acidaminophilum FDHs (Figure 3). The homologies of the other N-terminal sequences to 
those of related sequences were much less significant. 
DO 
"x 
315 355 
Figure 4. EPR spectra of Synthrophobacter fumaroxidans FDH-1. Trace A. As isolated enzyme at 16.5 K. Trace B. 
Reduced with sodium formate at 22 K. Trace C. formate reduced enzyme at 54 K. EPR conditions: microwave frequency, 
9.22 GHz, microwave power, 7.96 mW, modulation frequency, 100 kHz, modulation amplitude, 1.0 mT. 
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EPR-spectroscopy. 
Low temperature EPR of the isolated FDH1 is dominated by an axial S=l/2 signal with g-values 
2.01, 1.94, 1.94, indicative of a [4Fe-4S]+ or [2Fe-2S]+ cluster (Figure 4). Furthermore the S=l/2 
signal is flanked with features suggesting the presence of one or more other FeS clusters. At 52 K only 
the axial S=l/2 signal has been found (data not shown). This axial S=l/2 signal is attributed to a [2Fe-
2S]+ cluster since EPR signals from a [4Fe-4S]+ cluster broaden severely above 40 K. Reduction with 
sodium formate results in an additional rhombic S=l/2 EPR signal, with g-values 2.00, 1.95, 1.92, 
which is also not broadened at 54 K(Fig. 4). At low temperatures additional features in the g=2 region 
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Figure 5. EPR spectra of Synthrophobacter famaroxidans FDH-1. Trace A. Experimental spectrum Trace B. Simulation 
of [2Fe-2S] + [2Fe-2S] . Trace C. Simulation of [2Fe-2S]\ Trace D. Simulation of [2Fe-2S]u EPR conditions: microwave 
frequency, 9.22 GHz, microwave power, 12.6 mW, modulation frequency, 100 kHz, modulation amplitude, 0.63 mT, 
temperature 54K. 
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appear, which indicates the presence of [4Fe-4S]+ clusters. Since no hyperfine splitting of the I83W 
nucleus is found for both S=l/2 species, we propose these S=l/2 species represent two non-interacting 
[2Fe-2S] clusters, with g-values as given in table 6. However, Almendra et ah (1999) interpreted 
similar signals from a tungsten containing FDH from D. gigas as originating from two [4Fe-4S] 
clusters. The EPR signals found for this FDH are remarkably similar to those found for the tungsten-
containing FDH from Moorella thermoacetica (Deaton et ah, 1987). These authors interpreted the EPR 
data with 2 [2Fe-2S] clusters and 2 [4Fe-4S] clusters. The EPR spectra of FDH1 at low temperature, 
however, is more complicated most likely due to coupling to a fast relaxing paramagnet such as a [4Fe-
4S] cluster. Double integration of the EPR signals at 54 K with reference to an external copper 
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Figure 6. EPR spectra of Synthrophobacter famaroxidans FDH-2. Trace A. As isolated. Trace B. ^ u c f u w i t ^ j ^ 
formate. Trace C Simulation. EPR conditions: microwave frequency, 9.22 GHz, microwave power, 3.17 nW, modulation 
frequency, 100 kHz, modulation amplitude, 1.0 mT, temperature, 22K. 
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standard affords a spin quantitation of 2.3 spins per apy-unit for [2Fe-2S]z and [2Fe-2S]u together. The 
total spectrum at low temperature doubly integrates to $.6 spins per apy-unit, indicating FDH1 may 
contain additionally 6 [4Fe-4S] clusters. 
Low temperature EPR of as isolated FDH2 shows a rhombic S=l/2 EPR signal, with g-values 2.04, 
1.94, 1.89 (Fig. 6), which rapidly broadens at temperatures above 40 K (data not shown). Both the g-
values and the saturation characteristics are indicative of a [4Fe-4S]+ cluster. Furthermore a slowly 
relaxing isotropic signal with g = 2.00 is found, which clearly originates from a radical. Double 
integration of the EPR signals results in 2.1 spins/molecule for the [4Fe-4S]+ cluster and 0.1 
spins/molecule for the radical. More detailed measurement of the radical under non-saturation 
condition did not show any (partially) resolved hyperfine splitting. The peak-to-peak width of the 
signal is 15 G, which seems consistent with a flavin radical. However chemical analysis did not show 
the presence of flavin in this enzyme. Reduction with sodium formate resulted in only small changes of 
the EPR spectrum: the appearing of an additional weak S=l/2 signal with gy 1.88 and gx 1.S5 was 
observed. This S = 1/2 signal does not broaden at 60 K (data not shown), therefore it may represent 
W5+ which is a slowly relaxing species. 
Discussion 
The syntrophic propionate-oxidizing bacterium Syntrophobacter fumaroxidans possesses two 
distinct FDH's with very high specific activities. Both enzymes were induced in fumarate-grown cells 
as well as in cells grown syntrophically on propionate with Methanospirillum hungatei as the H2 and 
formate scavenger. Though the enzymes could not be reactivated with reducing agents, the incubation 
time necessary to measure the viologen-dependent oxidation of formate may be considered as a 
reactivation. The conditions applied to the reaction buffer prior to addition of the enzyme preparation 
may result in an equilibrium between the reaction product of dithionite, bisulphite, and unreacted 
dithionite (Mayhew, 1978). The enzymes did not show activity with bisulphite, but an enzyme-induced 
shift of this equilibrium towards bisulphite would explain the increase of the semiquinone prior to the 
addition of formate. Thus reactivation of these enzymes most likely depends on the presence of both 
electron acceptor and substrate as was observed for the tungsten-containing acetylene reductase of 
Pelobacter acetylenicus (Rosner and Schink, 1995). However, during our purification attempts, the 
specific activities of the (nearly) pure enzyme-preparations varied between 0 and 5000 U/mg indicating 
that a large fraction of the isolates could not be reactivated in this way. We could therefore discriminate 
between 3 forms of the enzymes; active (reduced), inactive but restorable (oxidized) and permanently 
inactivated. Some of the enzyme-preparations showed activity with the high-potential electron 
acceptors ferricyanide, DCPIP and flavins. Apparently, these compounds only served as electron 
acceptors with 'active' FDH, but could not support the dithionite-dependent reactivation of the 
enzymes. The observation that no reactivation was observed in the presence of formate suggests that 
reactivation depends on the redoxpotential. We believe that the success of dithionite as a stabilizing 
agent during purification was twofold: to maintain a low redox-potential and in addition act as a 
substrate analog for formate. This finding also explains why other reducing agents such as cystein and 
dithiotreitol could not be used as stabilizing agents during purification. 
The presence of tungsten in enzymes has only been explored for the last two decades, with 
Moorella thermoacetica FDH as the first tungstoenzyme to be isolated (Yamamoto et al9 1983). 
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Though there are many similarities in the properties of tungsten and molybdenum, tungsten seems to 
be the preferred species in enzymes catalyzing low potential reactions (Johnson et aL, 1996). At least 
four of the five W-FDH's that have been isolated so far (including the two enzymes described in this 
study) were shown to possess C02-reduction activity (Table 5). The D. gigas enzyme may be an 
exception, though to our knowledge this enzyme was never assayed for C02-reduction (Riederer-
Henderson and Peck, 1986; Almendra et aL, 1999). Partially purified enzymes of Clostridium 
acidiurici, Clostridium formicoaceticum, as well as a second FDH in Eubacterium acidaminophilum, 
are also W-containing enzymes which reduce C02 (Kearny and Sagers, 1972; Leonhardt and 
Andreesen, 1977; Granderath 1993). The Mo-containing FDH of Wolinella succinogenes did not 
reduce C02 while for most other Mo-containing FDHs isolated so far no C02-reduction rates were 
reported (Enoch and Lester, 1975; Kroger et aL, 1979; Jones and Stadtman, 1981; Schauer and Ferry, 
1982; Axley et aL, 1990; Sebban et aL, 1995; Costa et aL, 1997; Almendra et aL, 1999). Only the 
enzyme of Clostridium pasteurianum was described to reduce C02 (Liu and Mortenson, 1984), but it is 
possible that something else than C02 reduction was measured considering the assay conditions used 
(pH 8.8 and dithiotreitol as electron donor). We conclude that C02-reductases are W-containing 
reversible FDHs, whereas enzymes used by anaerobes to oxidize formate are Mo-containing enzymes 
which are most often irreversible. We speculate that the Mo-containing enzymes evolved from W-
containing C02-reductases in organisms for which formate serves as electron donor. Molybdenum is 
present at much higher concentrations than tungsten in most natural environments (Kletzin and Adams, 
1996), and tungsten is apparently only required for FHDs that reduce C02. 
The large FDH isolated from S. fumaroxidans (FDH1) shows in some respects similarities with the 
enzyme isolated from M. thermoacetica (Figure 3), though the latter lacks the smallest subunit. In this 
organism, the enzyme catalyzes the NADPH-dependent reduction of C02 to formate, the first step of 
the Wood-pathway for C02-fixation (Dieckert et aL, 1984). In S. fumaroxidans this pathway was 
demonstrated in the opposite direction in cells grown on fumarate (Plugge et aL, 1993). During 
syntrophic growth on propionate, this organism uses an acetyl-CoA:propionate HS-CoA transferase to 
activate propionate while the enzymes required to activate propionate directly were not detected. 
Propionate is thus converted stoichiometrically to acetate, and therefore the Wood-pathway is thought 
to have an anaplerotic function in this organism during growth on propionate (Plugge et aL, 1993). 
During syntrophic propionate oxidation, the energetically unfavorable oxidation of succinate to 
fumarate is thought to be driven by reversed electron transport (Schink, 1997; van Kuijk et aL, 1998). 
Thus, the second enzyme may be used as an alternative for proton reduction by the organism to dispose 
of reducing equivalents via C02-reduction in the periplasm. We did not find evidence for the presence 
of yet another FDH during our purifications. Therefore the organism most likely uses one of these 
enzymes for formate oxidation as well, when formate is supplied as electron donor (van Kuijk et aL, 
1998). 
Both H2 and formate have been considered as possible electron carriers during syntrophic growth. 
Although some syntrophic organisms were shown to possess FDH activity (Dong et aL 1995; van 
Kuijk et aL, 1998; Hattori et aL, 2001), exclusive evidence for formate transfer has never been 
obtained. However, it has been calculated that due to the low diffusion rate of H2, formate is a more 
obvious electron carrier in suspended co-cultures (Boone et aL, 1989). We believe that syntrophic 
propionate-oxidizers are able to reduce both protons and bicarbonate during syntrophic growth. The 
syntrophic partner organism and the interbacterial distance both determine which mechanism prevails 
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under the specified conditions. The presence of two FDH's in S. fumaroxidans, which both seem to be 
most active in the direction of C02-reduction, supports this theory. Perhaps syntrophic propionate-
oxidizers incapable of reducing C02 do exist, but obviously they would be very difficult to isolate. On 
the other hand, Syntrophobacter strains have been detected as dominant acetogens in several types of 
granular sludge using specific probes directed against the 16S-rDNA gene (Harmsen et aL, 1996). We 
therefore believe that the ability to reduce C02 is a general feature of syntrophic propionate-oxidizing 
bacteria. Remarkably Eubacterium acidaminophilum, which possesses two W-FDH's as well, is also 
thought to grow syntrophically in its microbial habitat, though on amino acids (Grantzdorffer, 2000). 
Apparently this organism uses one or both of these enzymes to reduce C02 during syntrophic growth 
as well, since it was able to grow syntrophically with a sulfate reducer that utilizes formate rather than 
H2 (Zindel, 1988). 
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A hypothesis for the origin of the eukaryotic cell; a prominent 
role for syntrophic propionate-oxidizing consortia 
Frank A.M. de Bok and Alfons J.M. Stams 
f t new hypothesis for the origin of the eukaryotic cell is proposed, involving syntrophic interactions 
similar to those observed in methanogenic habitats. We speculate that the host was a heterotrophic 
bacterium with a cytoskeleton and capable of endocytosis. The nucleus and mitochondria arose from a 
methanogenic archaeon and a syntrophic acetogen, respectively, which were incorporated 
simultaneously. Evolution of the acetogen in an anaerobic environment yielded the hydrogenosome. A 
search for possible candidates based on the reactions catalyzed in mitochondria and hydrogenosomes 
suggests that syntrophic propionate-oxidizing bacteria were involved. 
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Introduction 
Leading theories for the evolution of the eukaryotic cell postulate that the nucleus arose from a 
fusion between an archaeon and a bacterium (Gupta and Golding, 1996; Moreira and Lopez-Garcia; 
1998; Margulis et al, 2000). In a later stage the resulting chimera acquired an endosymbiont from 
which mitochondria derived. Alternatively, in their 'hydrogen hypothesis', Martin and Muller 
proposed that incorporation of the 'mitochondrial' symbiont by an archaeon initiated eukaryogenesis 
(Martin and Muller, 1998). They based their theory upon molecular evidence that hydrogenosomes and 
mitochondria share a common ancestor (Bui et al.9 1996), and that type I amitochondriates (protists 
that lack both mitochondria and hydrogenosomes) simply lost the predecessor of both organelles. 
To associate the origin of mitochondria (and related organelles) with a crucial event in evolution is 
attractive. Many, if not all, extant amitochondriate protists possess hydrogenosomes, other membrane-
bounded organelles of which the function is not yet clear, or mitochondria-derived genes (Roger, 
1999). Since both mitochondria and the nucleus indisputably must have figured in eukaryogenesis, one 
could imagine a scenario in which evolution of both organelles occurred simultaneously. 
That some kind of fusion took place between an archaeon and a bacterium is not what flares the 
debate among evolutionary biologists. Since molecular data have indicated that eukaryotes must have 
obtained contributions from both domains (Brown and Doolittle, 1997), new theories rather focussed 
on the type of fusion, and the nature of the organisms involved. These fusion theories included merging 
(amalgamation) of an archaeon and a bacterium (Zillig, 1991; Margulis et ah, 2000), engulrment of an 
archaeon by a bacterium (Lake and Rivera, 1994; Gupta and Golding, 1996) or vice versa (Martin and 
Muller, 1998) and fusion of an entire consortium composed of an archaeon and surrounding bacteria 
(Moreira and Lopez-Garcia, 1998). In each of these hypothesized fusions one of the partners ended up 
in the cytosol of the other. For some of these cases incorporation of a second bacterium is conceivable, 
but perhaps the symbionts were simply acquired by endocytosis. One of the earliest theories already 
suggested that mitochondria, chloroplasts and the motility apparatus were acquired by endocytosis 
(Margulis, 1970). 
Endocytosis, which is often associated with protists, is besides a nucleus and mitochondria also a 
typical eukaryotic feature. Though prokaryotes usually possess a cell wall, some exceptions are known 
to possess a cytoskeleton instead (Trachtenberg and Gilad, 2001). A cytoskeleton may have evolved 
before or after the critical fusion event, and there is no compelling evidence to support any of these 
possibilities. It would certainly be advantageous for an organism that must have been voluminous 
enough to harbor endosymbionts, and from an evolutionary perspective, it did not require any fusion 
between different types of organisms. Furthermore, if endosymbiosis gave rise to the first eukaryote, 
cell division would be more conceivable than for the various alternative fusion theories which have 
been posited so far. According to the theory described here, the a host bacterium acquired two 
endosymbionts in this way. The host-bacterium must have large enough to accommodate two 
endosymbionts, and able two feed both. One of the symbionts must have been an archaeon, in order to 
explain the similarities of multiple eukaryal genes with those of archaea (Brown and Doolittle, 1997; 
Podani et al, 2001), whereas the second endosymbiont had a metabolism which is not substantially 
different from the organelles that derived from it. Finally, all three partners involved had an intimate 
relationship with each other, enabling them to perform balanced growth after they merged. 
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Syntrophic interactions in methanogenic habitats 
Candidates for fusion theories have been explored among contemporary archaea and bacteria. The 
most interesting symbiotic relationships to consider would be those between archaea and bacteria, 
since eukaryotes obtained contributions from both. Therefore, the search almost logically leads to 
methanogenic habitats, which occur widespread in anaerobic environments (Stams, 1994). These 
ecosystems harbor a particular type of symbiosis which is probably the most intriguing of all, namely 
synrrophy'. This term was coined to describe those cooperations in which both partners depend on 
each other to perform a metabolic activity (Schink, 1997). Such cooperations have been described for a 
variety of compounds, but the most intriguing are those in which each of the different types of micro-
organisms involved have to share the ATP released. Most of the compounds known to require obligate 
syntrophic consortia in order to be oxidized under methanogenic conditions, are products of 
fermentative organisms. Of these, acetate, propionate and butyrate are the most striking examples, as 
the responsible acetogens yield only 1/3 mol of ATP per mol substrate oxidized (Schink, 1997). 
Hydrogenotrophic methanogenic archaea make these energetically unfavorable reactions possible by 
removing the reducing equivalents released. For these archaea the ATP is in the same order of 
magnitude. It should be noted here that acetate forms an exception. Syntrophic acetate-oxidizers do 
occur but at mesophilic temperatures acetate is usually cleaved by acetoclastic methanogens (which 
also yields no more than 1/3 mol of ATP) (Schink, 1997). That not a single organism evolved the 
capacity to oxidizing these compounds alone (in the absence of external electron acceptor) is probably 
founded in the specific mechanism applied by these organism to gain energy, known as 'reversed 
electron transport' (Thauer and Morris, 1984). This mechanism requires two sides of a membrane in 
order to shift electrons to a lower redox-potential. To maintain a redox-potential, protons are 
translocated at the expense of ATP which is obtained by substrate-level phosphorylation. In this way 
the energetically unfavorable oxidation-steps in the metabolic pathways of these organisms, are 
coupled to proton-reduction on the opposite site of the membrane (Schink, 1997). 
A hypothetical predecessor of eukaryotes 
Besides acetogenic bacteria and methanogenic archaea, complete decomposition of biomass under 
methanogenic conditions requires a third trophic group of micro-organisms. Heterotrophic bacteria 
nydrolyze organic polymers into monomers and oligomers and subsequently ferment these to H2, 
acetate and other reduced organic compounds (Gujer and Zehnder, 1983). If such an organism would 
be able to incorporate an organism which is able to convert one or more of the reduced products, it 
could certainly be advantageous for it. Such benefit could simply lie in the fact that it could save 
energy in not needing to excrete those products. However, for the acetogenic symbiont the situation 
would only be more beneficial if the host would allow inclusion of its methanogenic partner as well. 
By whatever means the host incorporates this inseparable duo, the resulting organism would truly be 
an interesting figure to explain eukaryogenesis. Since the host must have had reasonable proportions, 
and a cell wall would be a difficult obstacle to achieve incorporation, it is likely that it already 
possessed a cytoskeleton. The newborn micro-organism must have had remarkable features as 
compared to contemporary microbes in methanogenic habitats. For the endosymbionts this new 
environment was certainly attractive. The host would constantly supply them with carbon and 
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nutrients, and if it moved towards non-methanogenic habitats they could still continue syntrophic 
growth as long as the (heterotrophic) host left the alternative electron acceptors undisturbed. 
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Figure 1. Schematic representation of the reactions catalyzed in eukaryotic organelles and a putative ancestor for both. ETC, 
electron transport chain; AAC, ADP-ATP-carrier A. An aerobic mitochondrium. Striped arrows reflect all steps of the citric 
acid cycle (CTA) in which either C02 or reducing equivalents are released. PDH, pyruvate dehydrogenase B. An (anaerobic) 
hydrogenosome. 1; Pyruvate:ferredoxin oxidoreductase, 2; [Fe]-hydrogenase, 3; acetyl-CoA:succinate transcarboxylase, 4; 
malate dehydrogenase C. A syntrophic propionate-oxidizing bacterium. The reactions which may have been retained in 
mitochondria (M) and hydrogenosomes (H) are indicated. 
Candidates for simultaneos endosymbiosis 
If one of the endosymbionts evolved to a nucleus, the archaeon would be an excellent candidate for 
that, since phylogenetic analyses indicated a archaeal-like origin for the information transfer pathways 
in eukaryotes (translation and transcription) (Brown and Doolittle, 1997). To support their syntrophy 
hypothesis, Moreira and Lopez-Garcia (1998) already summarized essential traits shared between 
eukaryotes and methanogenic archaea. The most supportive of these is the discovery of the H3-H4 
histone homologues in archaea, but exclusively in members of the euryarchaeota (the orders of 
Methanococcales and Methanobacteriales). To trace a candidate among syntrophic acetogens may be 
more difficult task. Syntrophic conversions have been described for a variety of substrate compounds, 
but besides the 16S rRNA genes to classify the acetogens involved, there is hardly any genetic 
information available about these bacteria. However, if the reactions catalyzed in mitochondria and 
hydrogenosomes are considered, there may be some interesting candidates able to represent the 
ancestor of those organelles. 
A typical 02-consuming mitochondrion such as present in all higher eukaryotes possesses pyruvate 
dehydrogenase (PDH) to decarboxylate pyruvate, a citric acid cycle to regenerate coenzyme-A (CoA-
SH) for PDH, and an ATP-producing respiratory chain in which 0 2 serves as the terminal electron 
acceptor. Hydrogenosomes, believed to share a common ancestor with mitochondria, are anaerobic and 
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use pyruvate:ferredoxin oxidoreductase (PFO) to decarboxylate pyruvate. Instead of a citric acid cycle, 
these organelles regenerate CoA-SH from acetyl-CoA using a succinate:acetyl-CoA transferase and a 
succinyl-CoA synthase, thereby yielding one mole of ATP per mol pyruvate converted (Figure 1). The 
electrons generated by PFO are ultimately transferred to an [Fe]-hydrogenase which reduces protons to 
molecular H2 (Muller, 1993). The reaction-pathway observed in hydrogenosomes has striking 
similarities with the methyl-malonyl-CoA pathway which is used by several syntrophic propionate 
oxidizing bacteria to oxidize propionate (Houwen et ah, 1990; Plugge et ah, 1993). Moreover, all 
enzymes present in the organelle have also been detected in the gram-negative syntrophic propionate 
oxidizers of the genus Syntrophobacter (Plugge et aL, 1993; Wallrabenstein et aL, 1995). Thus the 
acetogenic endosymbiont from which mitochondria and hydrogenosomes derive may very well have 
been such an organism. 
Unfortunately, evolutionary aspects of syntrophic interactions have not obtained much attention so 
far. Most studies were passionately implemented by microbiologists to understand the intriguing 
energy metabolism applied by the organisms involved. Syntrophic propionate oxidizers have received 
additional attention since propionate proved to be a precursor of a large fraction of the methane 
produced in methanogenic habitats (Koch, 1983). Although these organisms are highly specialized in 
oxidizing propionate syntrophically, they are also able to grow axenically on a limited number of 
substrates. All members of the genus Syntrophobacter are able to couple propionate oxidation to 
sulfate reduction, while pyruvate and fumarate (intermediates of the methyl-malonyl-CoA pathway) 
also support growth of these bacteria. These latter substrates are dismutated to succinate and acetate (or 
completely to C02) (Wallrabenstein et aL, 1994; 1995; van Kuijk et aL, 1998a; 1998b). In suspended 
co-cultures these organisms grow syntrophically with methanogens that utilize both H2 and formate 
(Dong etaL, 1994). 
A reconstruction of eukaryogenesis 
The eukaryotic cell evolved in a methanogenic habitat after simultaneous incorporation of a 
syntrophic acetogen and a methanogenic archaeon. The host was a heterotrophic fermenting bacterium 
which already possessed a cytoskeleton. As alternative for a cell wall, the cytoskeleton gave structure 
to this organism and enabled it to perform endocytosis. Thereby, it possessed the ability to feed on 
insoluble cell remnants of lysed bacteria. Propionate, one of the hosts fermentation products, could be 
oxidized syntrophically by the endosymbiont. It therefore required a methanogen to make that reaction 
energetically feasible. The host profited from that by not having to spend energy to excrete it as a waste 
product. In addition it profited from the lowered H2-partial pressure which enabled more efficient 
fermentation (Figure 2). This newborn decomposer thrived for millions of generations in its anoxic 
habitat, enabling numerous genes to be transferred from and to the archaeon and the acetogen. The 
cells that still possessed both an acetogen and an archaeon after cell division were the most viable. At a 
certain point the host changed its metabolism. The archaeon lost its ability to reduce C02, but at that 
point it already controlled cell division of the host and it possessed a membrane-carrier to exchange 
ADP for ATP (AAC) from the hosts cytosol. The mitochondrial endosymbiont now fed with malate or 
pyruvate, from which it produced sufficient ATP for its own cytosolic processes. Excess ATP was 
exchanged with ADP from the hosts cytosol, an AAC in the mitochondrial membrane took care of that. 
The organelle now produced energy for its host and the nucleus. Finally, genes for the metabolic 
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pathway of the host were transferred to the mitochondrium where subsequently two pathways fused to 
produce the citric acid cycle. The reducing equivalents released in this cycle could be coupled to 
electron transport phosphorylation with O2 as terminal electron acceptor. 
Organics 
Figure 2. Schematic representation of a putative ancestor of the eukaryotic cell. 
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Summary and concluding remarks 
Industrial wastewaters can be purified in methanogenic bioreactors such as the upflow anaerobic 
sludge bed (UASB) reactor. In such reactors biomass is completely degraded to CH4 and C02, by 
several trophic groups of microorganisms. However, those gases are also responsible for the enhanced 
greenhouse effect, and therefore the occurrence of methanogenic decomposition in natural habitats is 
much less appreciated. 
In the introduction (Chapter 1) of this thesis, one particular step in the process of methanogenic 
decomposition, propionate oxidation, is discussed. Propionate is one of the compounds which can only 
be oxidized syntrophically under methanogenic conditions, and the organisms responsible for this step 
are extremely interesting due to their ability to thrive at the lowest possible amounts of energy 
available. 
Syntrophic propionate-oxidizing bacteria produce acetate, H2, CO2 and formate. To make this 
reaction energetically feasible, methanogenic archaea must keep the concentrations of H2 and formate 
extremely low. Two classes of enzymes which may be important for this 'Interspecies electron 
transfer', i.e. hydrogenase and formate dehydrogenase, and the present knowledge of these enzymes, is 
discussed in Chapter 1. Furthermore, this Chapter summarizes what is know about syntrophic 
propionate-oxidizing bacteria so far. 
Most of the isolated propionate-oxidizing bacteria belong to the genus Syntrophobacter and cluster 
together with gram-negative sulfate reducing bacteria within the 8-subdivision of the proteobacteria. 
Other syntrophic propionate oxidizers are more closely related to the genus Syntrophus, while recently 
two thermophilic organisms were described which are close relatives of low GC gram-positive 
Desulfotomaculum species. A related organism was also enriched from mesophilic sludge, and 
Chapter 2 of this thesis describes the isolation and physiological characterization of a defined co-
culture of this organism with Methanospirillum hungatel Remarkably this organism, which was 
named 'Pelotomaculum schinkh\ harbors two different 16S rDNA genes. This unusual property of 
sequence heterogeneities has also been reported for other gram-positive bacteria. However, compared 
to other syntrophic propionate oxidizers this organism is exceptional since it did not grow axenically 
on any of the substrates tested. For most syntrophic propionate oxidizing bacteria it is known that 
propionate is oxidized via the Methyl-malonyl-CoA pathway. Besides the ability to couple propionate 
oxidation to the sulfate reduction, these organisms are also able to ferment fumarate in pure culture. 
Although 'Pelotomaculum schinkiV most likely uses the methyl-malonyl-CoA pathway to oxidize 
propionate, none of the intermediates of this pathway supported growth in this organism. Therefore, 
this organism may be the first true obligate syntrophic anaerobic bacterium isolated. 
An organism, which does not use the methyl-malonyl-CoA pathway to oxidize propionate, is 
Smithella propionica. This organism produces small amounts of butyrate from propionate and it 
produces much less CH4 than organisms, which are known to use the methyl-malonyl-CoA pathway. 
The occurrence of another pathway of propionate conversion was previously already demonstrated in 
methanogenic habitats and enrichment cultures. The randomizing methyl-malonyl-CoA pathway could 
not account for the products recovered from 13C-labeled propionate in these studies. Therefore the 
pathway of propionate oxidation was studied with 13C-NMR in Smithella propionica (Chapter 3). 
Experiments with 2,3-13C-labeled propionate revealed that half of the methyl-methylene bonds in 
propionate were broken during propionate conversion. Labeled bicarbonate was never recovered from 
cultures grown on labeled propionate, and experiments in which 13C-bicarbonate was added showed 
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that it was not incorporated either. These observations were inconsistent with pathways proposed 
previously to occur in methanogenic habitats, such as the acryloyl-CoA pathway and the reductive 
carboxylation pathway. In this Chapter, a novel pathway of propionate is proposed. The results of C-
NMR experiments suggested that the C2 of propionate is coupled to the carboxyl-group of a second 
propionate molecule, followed by a rearrangement to a 6-carbon unbranched intermediate. Cleavage of 
this molecule then yields acetate and butyrate, which is further oxidized syntrophically to acetate. Such 
pathway perfectly explained the ratios of labeled products recovered from experiments with 1-, 2-, 3-
and 2,3-13C-labeled propionate, and also fitted with the stoichiometry of propionate conversion. In 
batches to which 1- and 2-nC-labeled acetate was added together with unlabeled propionate, a small 
amount of label was recovered in propionate revealing that the proposed pathway should be reversible. 
For all other studies described in this thesis Syntrophobacter fumaroxidans was used as a model 
organism. Previous studies have revealed that this organism is able to produce both H2 and formate 
during propionate oxidation, and it could only grow with methanogens that utilize both H2 and formate. 
The enzymes responsible for proton and bicarbonate reduction are hydrogenase and formate 
dehydrogenase. The presence of both enzymes in Syntrophobacter fumaroxidans was also 
demonstrated in previous studies. In Chapter 4 of this thesis several experiments are described which 
demonstrate that this organism possesses at least 2 distinct formate dehydrogenases and at least 3 
distinct hydrogenases. All these enzymes were induced under all growth conditions tested, though 
there were some variations in the levels of each enzyme. One of the formate dehydrogenases may be 
involved in C02-fixation by running the acetyl-CoA cleavage pathway in the reverse direction during 
growth on propionate. Most likely the other enzyme is involved in terminal reduction of CO2. 
The presence of multiple hydrogenases in sulfate-reducing bacteria is not unusual. For the genus 
Desulfovibrio a model has been described how these organism use three distinct hydrogenases to 
conserve energy. Such a Fb-cycling mechanism may also be present in S. fumaroxidans. In a separate 
study (Chapter 5), the hydrogenase and formate dehydrogenase levels of axenic S. fumaroxidans cells 
were compared to the levels in cells which were grown syntrophically. Since the methanogenic partner 
of syntrophic growth {Methanospirillum hungatei) also possesses these enzymes, the organisms needed 
to be separated from each other in order to analyze the levels in S. fumaroxidans. Percoll gradient 
centrifugation proved to be an excellent method to separate syntrophically grown cells. The S. 
fumaroxidans cells which were separated in this way exhibited very high formate dehydrogenase 
activities as compared to cells grown axenically. Also the M. hungatei cells which were grown 
syntrophically exhibited higher formate dehydrogenase activities as compared to cells grown 
axenically on H2 or formate. The hydrogenase levels of these cells were comparable to the levels in 
axenic cultures. For S. fumaroxidans the hydrogenase levels in cells which were grown syntrophically 
were also higher than in cells which were grown axenically. Both enzymes seemed to play an 
important role in S. fumaroxidans during syntrophic growth, while the enzyme levels of M hungatei 
suggested a more important role for formate dehydrogenase during syntrophic growth. One of the 
hydrogenase which could be involved in syntrophic growth was purified from S. fumaroxidans cells 
grown on fumarate (Chapter 6). The enzyme is a typical NiFe-hydrogenase though the levels of both 
H2-uptake and H2-evolution were relatively high compared to other described [NiFe]-hydrogenases. 
Electron Paramagnetic Resonance (EPR) experiments predicted the presence of both [4Fe-4S]-, and 
[3Fe-4S] clusters. The hydrogenase encoding DNA region was amplified by using a combination of 
PCR and inverse PCR and primers based on the N-terminal sequence of the large subunit and a 
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conserved region of NiFe-hydrogenases from other organisms. The sequence harbored binding motifs 
for two [4Fe-4S] clusters and one [3Fe-4S] cluster, and a twin-arginine motif in the precursor of the 
small subunit suggesting a periplasmic location of the enzyme. The protein sequences of both subunits 
of the enzyme showed highest similarity to the enzymes isolated from Desulfovibrio species. Previous 
studies revealed that in those organisms could catalyze the reduction of protons during syntrophic 
growth on lactate. Therefore, it is likely that the enzyme isolated from S. fumaroxidans is also used to 
reduce protons to H2 during syntrophic growth on propionate. 
The two formate dehydrogenases of S. fumaroxidans were both isolated and appeared to be 
enzymes with very high specific activities, both in the direction of formate oxidation as well as in the 
direction of CCVreduction (Chapter 7). Since a function as formate dehydrogenase was very unlikely 
during growth of this organism, a more appropriate name for these enzymes would be 'CO2-
reductases'. Both enzymes could be isolated from fiimarate grown cells, but also from cells grown 
syntrophically on propionate. EPR-experiments revealed the presence of [2Fe-2S] clusters in FDH1, 
while [4Fe-4S] clusters were detected in both enzymes. The presence of tungsten could not be 
confirmed with EPR spectroscopy, but metal-analysis demonstrated that both these enzymes were 
tungsten-selenium proteins and that they did not contain molybdenum. From a comparison of these 
two enzymes with formate dehydrogenases isolated from other organisms, it was concluded that the 
few formate dehydrogenases described with a C02-reducing function contain tungsten. Enzymes, 
which physiologically mainly oxidize formate, may contain either W or Mo, but preferably 
molybdenum since this compound is present at much higher concentrations in natural environments. It 
is hypothesized in this Chapter that the Mo-containing enzymes evolved from W-containing enzymes. 
In Chapter 8 a new hypothesis is proposed for the origin of the eukaryotic cell. The first eukaryote 
is proposed to have arisen in a methanogenic ecosystem. The host was a heterotrophic fermentative 
organism, which produced reduced organic compounds. Two endosymbionts were acquired via 
endocytosis, a acetogenic syntrophic bacterium, and its partner organism a methanogenic archaeon. All 
partners involved profited from the new situation, which explains the origin of both the nucleus and the 
mitochondrion in eukaryotic cells. We believe that, among contemporary syntrophic bacteria, the most 
plausible candidate for a mitochondrial ancestor is a syntrophic propionate oxidizing bacterium. 
Finally, it can be concluded that syntrophic propionate-oxidizing bacteria possess a unique 
metabolism and that they may have been involved in the crucial step of evolution. Clearly, these 
organisms deserve more attention in the future! 
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Biochemie en Fplog ie van fyntrofe 
Propionaat-oxiderende Microbiele Consortia 
in 
Industriele afvalwaters kunnen gezuiverd worden in methanogene bioreactoren zoals de UASB-
reactor (Upflow Anaerobic Sludge Bed reactor). In zulke bioreactoren wordt biomassa compleet 
omgezet tot methaan en koolstofdioxide door verschillende groepen van micro-organismen. Deze 
gassen zijn echter ook verantwoordelijk voor de toename van het broeikaseffect, en daarom wordt het 
voorkomen van methanogene afbraak in natuurlijke ecosystemen niet zo gewaardeerd. 
In de inleiding van dit proefschrifl (Hoofdstuk 1), wordt een specifieke stap in het proces van 
methanogene afbraak toegelicht. Propionaat is een van de koolwaterstoffen die onder deze 
omstandigheden alleen syntroof geoxideerd kunnen worden, en de organismen die verantwoordelijk 
zijn voor deze omzetting zijn zeer interessant, omdat ze in staat zijn om te leven van de zeer geringe 
hoeveelheid energie die deze reactie oplevert. Syntrofe propionaatoxiderende bacterien maken acetaat, 
waterstof, koolstofdioxide en formiaat uit propionaat. Om deze reactie energetisch mogelijk te maken, 
moeten methanogene archaea de concentraties van waterstof en formiaat extreem laag houden. Twee 
typen enzymen kunnen betrokken zijn bij deze overdracht van 'elektronen, namelijk hydrogenase en 
formiaat dehydrogenase, en de huidige kennis van deze enzymen wordt dan ook toegelicht in 
hoofdstuk 1. Tevens wordt in dit hoofdstuk een opsomming gegeven van wat tot dusver bekend is van 
syntrofe propionaatoxiderende bacterien. 
De meeste propionaatoxiderende bacterien die tot nu toe gei'soleerd zijn behoren tot het genus 
Syntrophobacter die groeperen met gramnegatieve sulfaatreducerende bacterien in de 8-subdivisie van 
de proteobacterien. Andere propionaatoxiderende bacterien zijn meer verwant aan het genus 
Syntrophus, terwijl recentelijk twee organismen beschreven zijn die nauw verwant zijn aan de 
gramnegatieve Desulfotomaculum stammen met een laag GC-gehalte. Een bacterie die hierop lijkt is 
ook gei'soleerd uit mesofiel slib, en in Hoofdstuk 2 van dit proefschrifl wordt de isolatie en de 
eigenschappen van dit organisme in een gedefinieerde culture met Methanospirillum hungatei 
beschreven. Opmerkelijk was dat dit organisme, wat 'Pelotomaculum schinki? genoemd is, twee 
verschillende 16S-rDNA genen bezit. Deze ongewone eigenschap is echter ook beschreven voor 
enkele Desulfotomaculum stammen. Vergeleken met andere syntrofe propionaatoxideerders, was dit 
organisme ook erg bijzonder aangezien ze niet in staat bleek om in reincultuur te groeien. Het is 
bekend dat de meeste propionaatoxiderende bacterien propionaat oxideren via de methyl-malonyl-CoA 
route. Naast de capaciteit van deze organismen om propionaatoxidatie aan sulfaatreductie te koppelen, 
zijn ze vaak ook in staat om als reincultuur fumaraat te fermenteren. Hoewel Telotomaculum schinkif 
waarschijnlijk ook de methyl-malonyl route gebruikt om propionaat te oxideren, kon dit organisme 
geen een van de intermediairen van deze route gebruiken om op te groeien in reincultuur. Daarom zou 
dit organisme wel eens de eerste ware obligaat syntrofe anaerobe bacterie kunnen zijn die gei'soleerd is. 
Een organisme dat niet de methyl-malonyl-CoA route gebruikt om propionaat te oxideren is 
Smithella propionics Dit organisme produceert kleine hoeveelheden butyraat uit propionaat en veel 
minder methaan dan de organismen die de methyl-malonyl-CoA route gebruiken om propionaat te 
oxideren. Het voorkomen van een alternatieve route voor propionaatomzetting was eerder al 
aangetoond in methanogene ecosystemen en ophopingscultures. De producten die in deze studies uit 
I3C-gelabeld propionaat gevormd werden, konden niet verklaard worden aan de hand van de methyl-
malonyl-CoA route. Daarom is de afbraakroute van propionaat in Smithella propionica bestudeerd in 
Hoofdstuk 3, met behulp van 13C-NMR. Experimenten met 2,3-nC-gelabeld propionaat toonden aan 
dat de helft van de methyl-methyleen bindingen in propionaat verbroken werden tijdens propionaat 
omzetting. In geen van de experimenten met gelabeld propionaat werd label teruggevonden in 
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bicarbonaat, en gelabeld bicarbonaat werd ook niet gei'ncorporeerd als het aan het medium toegevoegd 
werd. Deze gegevens strookten niet met routes waarvan eerder gedacht werd dat ze de alternatieve 
afbraakroute voor propionaat in methanogene ecosystemen konden verklaren, zoals de acryloyl-CoA 
route en reductieve carboxylering. In dit hoofdstuk is een nieuwe afbraakroute voor propionaat 
voorgesteld. De resultaten van de 13C-NMR experimenten suggereren dat de C2 van propionaat 
gekoppeld wordt aan de carboxyl-groep van een tweede propionaat molecuul, gevolgd door een 
omlegging tot een onvertakte 6C-koolwaterstof. Opsplitsing van dit molecuul geeft dan acetaat en 
butyraat wat vervolgens syntroof weer verder geoxideerd wordt naar acetaat. Deze route geeft een 
prima verklaring voor de resultaten van de experimenten met 1-, 2-, 3- en 2,3-13C~geIabeld propionaat, 
en verklaart tevens de stoichiometric van de propionaatomzetting. In batchcultures waarin naast 
ongelabeld propionaat 1-, of 2-13C-gelabeld acetaat toegevoegd werd, werd een klein gedeelte van de 
label in propionaat teruggevonden waaruit blijkt dat de route reversibel is. 
Voor alle andere studies die in dit proefschrift beschreven worden is Syntrophobacter fumaroxidans 
als modelorganisme gebruikt. Voorafgaande studies hebben aangetoond dat dit organisme zowel 
waterstof als formiaat kan vormen tijdens propionaatoxidatie, en dat syntrofe groei alleen mogelijk is 
met methanogenen die zowel waterstof als formiaat kunnen gebruiken. De enzymen die 
verantwoordelijk zijn voor proton- en bicarbonaatreductie zijn hydrogenase en formiaat 
dehydrogenase. Dat S. fumaroxidans beide enzymen bezit is ook al in eerdere studies aangetoond. In 
Hoofdstuk 4 van dit proefschrift worden een aantal experimenten beschreven die aantonen dat dit 
organisme minstens twee verschillende formiaat dehydrogenases en drie verschillende hydrogenases 
bezit. Al deze enzymen werden geinduceerd onder alle groeiomstandigheden die getest zijn, echter er 
waren wel verschillen in de hoeveelheden die van elk enzym aangemaakt werden. Een van de formiaat 
dehydrogenases is waarschijnlijk betrokken bij koolstofdioxidefixatie tijdens syntrofe 
propionaatoxidatie, aangezien de acetyl-CoA afbraak route die dit organisme ook bezit, dan de andere 
kant op gebruikt wordt. Waarschijnlijk is het andere formiaat dehydrogenase betrokken bij terminale 
reductie van koolstofdioxide. 
Dat een sulfaatreducerende bacterie meerdere hydrogenases bezit is geen ongewone eigenschap. 
Voor het genus Desulfovibrio is een model beschreven hoe deze organismen drie verschillende 
hydrogenases gebruiken om energie te conserveren. Zo'n waterstof circulerings mechanisme zou ook 
wel eens in S. fumaroxidans aanwezig kunnen zijn. In een op zichzelf staand onderzoek (Hoofdstuk 5) 
worden de hydrogenase en formiaat dehydrogenase niveaus van reincultures van S. fumaroxidans 
vergeleken met die van cellen die syntroof gegroeid waren. Aangezien de methanogene partner voor 
syntrofe groei (Methanospirillum hungatei) ook deze enzymen heeft, moesten de organismen eerst van 
elkaar gescheiden worden om de niveaus in S. fumaroxidans aan te kunnen tonen. Percoll gradient 
centrifugatie bleek een uitstekende methode te zijn om syntroof gegroeide cellen van elkaar te 
scheiden. De syntroof gegroeide S. fumaroxidans cellen bleken extreem hoge formiaat dehydrogenase 
activiteiten te hebben vergeleken met cellen die in reincultuur gekweekt waren. Ook de syntroof 
gegroeide M hungatei cellen bleken hogere formiaat dehydrogenase activiteiten te hebben wanneer ze 
vergeleken werden met die van cellen die in reincultuur op waterstof of formiaat gekweekt waren. De 
hydrogenase niveaus waren voor alle cultures van M hungatei vergelijkbaar. Voor S. fumaroxidans 
was de hydrogenase-activiteit in syntroof gekweekte cellen echter ook hoger dan in reincultures. Beide 
enzymen blijken dus een belangrijke rol te spelen in S. fumaroxidans tijdens syntrofe 
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propionaatoxidatie, terwijl de enzymniveaus in M. hungatei op een belangrijkere rol voor formiaat 
dehydrogenase wijzen. 
Een van de hydrogenases die in S. fumaroxidans betrokken is bij syntrofe groei is gezuiverd nit 
cellen die op fumaraat gekweekt waren (Hoofdstuk 6). Dit enzym bleek een typisch NiFe-
hydrogenase te zijn, hoewel de waterstofopname- en waterstofproduktie activiteiten redelijk hoog 
waren vergeleken met de vele NiFe-hydrogenases die tot mi toe beschreven zijn. EPR (Electron 
Paramagnetic Resonance) experimenten voorspelden de aanwezigheid van zowel [4Fe-4S]-, als [3Fe-
4S]-chisters in dit enzym. Het voor het hydrogenase coderende gen is geamplificeerd door gebruik te 
maken van een combinatie van PCR en inverse PCR en primers die gebaseerd waren op de N-
terminale sequentie van de grote subunit en een geconserveerd gebied van NiFe-hydrogenases nit 
andere organismen. De sequentie bevatte motieven voor de binding van twee [4Fe-4S]-clusters en een 
[3Fe-4S]-cluster, en een twin-arginine motief in de precursor van de kleine subunit die een 
periplasmatische lokalisatie suggereert De eiwitsequenties van beide subeenheden van het enzym 
bleken het meest te lijken op die van de enzymen van Desulfovibrio stammen. Eerdere experimenten 
hebben aangetoond dat deze organismen protonen reduceerden tijdens syntrofe groei op lactaat. Het 
enzym dat uit S. fumaroxidans geisoleerd is, word daarom waarschijnlijk ook gebruikt om protonen te 
reduceren tijdens syntrofe groei op propionaat. 
De twee formiaat dehydrogenases van S. fumaroxidans zijn beiden gezuiverd, en bleken enzymen 
met zeer hoge specifieke activiteiten te zijn, zowel in de richting van formiaat oxidatie als in de 
richting van koolstofdioxide reductie (Hoofdstuk 7). Aangezien formiaatoxidatie zeer 
onwaarschijnlijk is voor deze organismen tijdens syntrofe groei van deze bacterien, zou 'CO2-
reductases' een betere naam voor deze enzymen zijn. Beide enzymen konden zowel uit rumaraat-
gekweekte cellen als uit syntroof gekweekte cellen gezuiverd worden. Met behulp van EPR zijn in het 
ene formiaat dehydrogenase (FDH1) [2Fe-2S]-clusters aangetoond, terwijl beide enzymen [4Fe-4S]-
clusters bleken te bevatten. Wolfraam kon niet aangetoond worden met EPR, maar uit een 
metaalanalyse is gebleken dat beide enzymen wolfraam-selenium bevattende eiwitten zijn en geen 
molybdeen bevatten. Uit een vergelijking van deze twee enzymen met formiaat dehydrogenases die uit 
andere organismen geisoleerd zijn, is geconcludeerd dat formiaat dehydrogenases met C02-reductie 
activiteit wolfraam bevatten, terwijl enzymen die als fysiologische rol voornamelijk formiaat oxideren 
zowel wolfraam als molybdeen kunnen bevatten, maar bij voorkeur molybdeen aangezien dit metaal in 
veel hogere concentraties voorkomt in natuurlijke ecosystemen. Er wordt verder afgeleid in dit 
hoofdstuk dat molybdeen bevattende eiwitten uit wolfraam bevattende eiwitten geevoiueerd zijn. 
In Hoofdstuk 8 wordt een nieuwe hypothese voorgesteld voor het ontstaan van de eukaryote eel. 
De eerste eukaryoten zouden ontstaan zijn in een methanogeen ecosysteem. De gastheer was een 
heterotroof fermentatief organisme wat gereduceerde organische verbindingen produceerde. Twee 
endosymbionten werden gemcorporeerd met behulp van endocytose, namelijk een acetogeen syntrofe 
bacterie en zijn partner organisme, een methanogene archaeon. Alle betrokken partners profiteerden 
van de nieuwe situatie, waarmee verklaard is uit welke organismen de celkern en mitochondria 
ontstaan zijn. Wij zijn van mening dat tussen de bacterien die nu leven de meest waarschijnlijke 
voorouder van mitochondria gezocht moet worden tussen syntrofe propionaatoxiderende bacterien 
Uiteindelijk kan geconcludeerd worden dat syntrofe propionaatoxiderende bacterien een uniek 
metabolisme bezitten en dat ze betrokken zouden kunnen zijn geweest bij de belangrijkste gebeurtenis 
in de evolutie. Daarom verdienen deze organismen duidelijk meer aandacht in de toekomst! 
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